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ABSTRACT  
This dissertation is focused on environmental releases from U.S. wastewater 
infrastructure of recently introduced, mass-produced insecticides, namely neonicotinoids 
as well as fipronil and its major degradates (sulfone, sulfide, amide, and desulfinyl 
derivatives), jointly known as fiproles. Both groups of compounds recently have caught 
the attention of regulatory agencies worldwide due to their toxic effects on pollinators 
and on aquatic invertebrates at very low, part-per-trillion levels (Chapter 1). Mass 
balance studies conducted for 13 U.S. wastewater treatment plants (WWTPs) showed 
ubiquitous occurrence (3-666 ng/L) and persistence of neonicotinoids (Chapter 2). For 
the years 2001 through 2016, a longitudinal nationwide study was conducted on the 
occurrence of fiproles, via analysis of sludge as well as raw and treated wastewater 
samples. Sludge analysis revealed ubiquitous fiprole occurrence since 2001 (0.2-385 
µg/kg dry weight) and a significant increase (2.4±0.3-fold; p<0.005) to elevated levels 
found both in 2006/7 and 2015/6. This study established a marked persistence of fiproles 
during both wastewater and sludge treatment, while also identifying non-agricultural uses 
as a major source of fiprole loading to wastewater (Chapter 3). Eight WWTPs were 
monitored in Northern California to assess pesticide inputs into San Francisco Bay from 
wastewater discharge. Per-capita-contaminant-loading calculations identified flea and 
tick control agents for use on pets as a previously underappreciated source term 
dominating the mass loading of insecticides to WWTPs in sewage and to the Bay in 
treated wastewater (Chapter 4). A nationwide assessment of fipronil emissions revealed 
that pet products, while representing only 22±7% of total fipronil usage (2011-2015), 
accounted for 86±5% of the mass loading to U.S. surface waters (Chapter 5). In 
 ii 
summary, the root cause for considerable annual discharges into U.S. surface waters of 
the neonicotinoid imidacloprid (3,700-5,500 kg/y) and of fipronil related compounds 
(1,600-2,400 kg/y) is domestic rather than agricultural insecticide use. Reclaimed effluent 
from U.S. WWTPs contained insecticide levels that exceed toxicity benchmarks for 
sensitive aquatic invertebrates in 83% of cases for imidacloprid and in 67% of cases for 
fipronil. Recommendations are provided on how to limit toxic inputs in the future. 
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CHAPTER 1 
INTRODUCTION 
Surface water and sediment contamination by pesticides is a pervasive problem in 
the United States.1-6 It poses risks to ecosystems due to the inherent toxic potency of 
these synthetic compounds and their tendency to persist in the environmental for months, 
years or even decades.7, 8 Annual pesticide usage in the U.S. was about 536 million kg in 
2012, accounting for 20% of the global pesticide market. Insecticides are captured under 
the umbrella term of pesticides. In the U.S., insecticide usage has declined in recent 
years, from about 55 million kg in 1996 to 26 million kg in 2012.9 In 2012, about 57% of 
U.S. insecticide uses were for agricultural applications and 43% for non-agricultural 
ones. Non-agricultural applications can be divided further into two categories - 
commercial and home & garden. Commercial insecticide uses include professional 
applications to buildings, building sites, and land, as well as customized commercial 
applications to homes and gardens. Commercial insecticide use represents about 20% of 
the total insecticide tonnage of the United States. Home & garden applications involve 
domestic insecticide applications by homeowners, constituting about 23% of the total 
insecticide volume. In the U.S., about 56% of households use insecticides.9 
Understanding the diverse usage of insecticides and their pathways of release into the 
environment are crucial for identifying potentially impacted ecosystems and the 
magnitude of toxic releases.  
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Neonicotinoids and Fipronil  
Neonicotinoids and fipronil (Figure 1-1) are relatively new insecticides, currently 
accounting for approximately one third of the world insecticide market, a development 
that can be explained in part by the phasing out of organophosphate, organochlorine, and 
pyrethroids pesticides.10  
 
Figure 1-1. Chemical structures of neonicotinoids, and fipronil and its degradates (jointly 
referred to as “fiproles”). 
Fipronil
-sulfone -sulfide
-amide -desulfinyl
Aerobic 
transformation
Anaerobic 
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Neonicotinoids and fipronil were first introduced in the U.S. for agricultural 
application in 1994 and 1998, respectively.11 Total nationwide agricultural usage of 
neonicotinoids and fipronil calculated from the United States Geological Survey’s 
(USGS) National Water-Quality Assessment (NAWQA) Pesticide National Synthesis 
Project is shown in Table A-1 and Figure 1-2.11 The usage was calculated by averaging 
the EPest-high and EPest-low estimates from the USGS database; in Figure 1-2, the ±error on 
the agricultural usage represents high and low values.11, 12 As shown in the Figure 1-2, in 
the past two decades the usage of neonicotinoids and fipronil has increased significantly 
from only 0.01 million kg in 1994 to 3.44 million kg in 2014. During 1994-2004, 
agricultural usage was dominated by fipronil and the neonicotinoid imidacloprid. 
However, after 2004, agricultural usage was dominated by neonicotinoids – mainly by 
thiamethoxam, imidacloprid, and clothianidin.  
 
Figure 1-2. Agricultural usage of neonicotinoids and fipronil in U.S. (Source: USGS)11 
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Estimation of Nationwide Non-agricultural Usage 
There exists no nationwide inventory of non-agricultural usage of these 
insecticides, and available statewide data are limited to California (CA), as collected by 
the California Department of Pesticide Regulation (CDPR).13 CDPR keeps an inventory 
of its agricultural usage and major non-agricultural uses such as – fumigation, landscape 
maintenance, regulatory pest control, rights of way, structural pest control, and pet 
products (Table A-2). Based on the CDPR databases, neonicotinoids and fipronil are 
identified to have major non-agricultural applications in structural termite control, pet 
flea and tick treatment (spot-on products), and landscape maintenance (Figure 1-3). Both 
imidacloprid and fipronil were used heavily for structural pest control, a practice that was 
highly dependent on the rate of new housing development (r = 0.86 and 0.92, 
respectively), as shown in Figure A-1.13-15 To obtain a rough estimate of nationwide 
insecticide usage, CA-specific usage rates were extrapolated based available data on new 
housing developments in the U.S. (Table A-3; Figure A-2) and per-house insecticide 
usage for structural pest control in California (Table A-2) using Equation 1.14, 15 Flea and 
tick control products for dogs and cats contain about 10%v/v active ingredient (a.i.), 
namely imidacloprid and fipronil. Although complete annual data on pet ownership, pet 
product usage, expenditures on pet care, and prevalence of flea and tick are not available, 
nationwide usage of flea and tick treatments for pets (spot-on products) was extrapolated 
based on the human population as shown in Equation 2. California cat and dog ownership 
rates of 28.3% and 32.8%, respectively, are similar to average nationwide ownership of 
30.4% and 36.5%, respectively.16 Therefore, nationwide pet treatment product usage may 
be estimated using as input information on the size of the human population. Nationwide 
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insecticide usage for landscape maintenance was extrapolated based on population and 
the area, both, and was averaged (See Equation 3). The error value of the estimate was 
calculated from the minimum and maximum of two measurements. The resulting annual 
nationwide inventory of pesticide usage is shown in Figure 1-4.  
 
Figure 1-3. Non-agricultural usage of neonicotinoids and fipronil in California (Source: 
CDPR;13 * denotes unavailability of data for the years 1996-2010.  
 
Figure 1-4. Average annual nationwide agricultural and non-agricultural usage of 
neonicotinoids and fipronil in the U.S. for the 5-year time period from 2011-2015. 
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Nationwide insecticide usage for structural pest control  
= New housing units built nationwide x 																	"#$%&'"&"(%	)$*+%	,-.	$'.)&').*/	0%$'	&-#'.-/	"#	1*/",-.#"*2%3	4-)$"#+	)#"'$	5)"/'	"#	1*/",-.#"*	     (1) 
Nationwide insecticide usage for pet flea and tick treatment  
= U.S. population x 	"#$%&'"&"(%	)$*+%	,-.	0%'	,/%*	*#(	'"&6	'.%*'7%#'	"#	1*/",-.#"*1*/",-.#"*	0-0)/*'"-#   (2) 
Nationwide insecticide usage for landscape maintenance  
= 
8.:.0-0)/*'"-#	;	<=>?@A<@<B?	C>DE?	FGH	ID=B>@DJ?	KD<=A?=D=@?	<=	LDI<FGH=<DLDI<FGH=<D	JGJCIDA<G=M  +            
8.:.*.%*	;	<=>?@A<@<B?	C>DE?	FGH	ID=B>@DJ?	KD<=A?=D=@?	<=	LDI<FGH=<DLDI<FGH=<D	DH?DM     (3) 
Environmental Impacts of Neonicotinoids and Fipronil Use 
In the U.S., pesticide production and usage are regulated by the Environmental 
Protection Agency (U.S.EPA) under the Federal Insecticide, Fungicide, and Rodenticide 
Act (FIFRA) and the Federal Food, Drug, and Cosmetic Act (FFDCA).9 In the U.S., 
environmental releases of neonicotinoids and fipronil include both agricultural and non-
agricultural sources; however, thus far little is known about the relative contribution of 
these sources because domestic uses of these insecticides are rarely characterized and 
tracked. Neonicotinoid insecticides are designed to bind to the nicotinic acetylcholine 
receptor, and fipronil targets the gamma-aminobutyric acid (GABA) receptor.10  Both 
insecticides produce lethal and a variety of sublethal impacts on invertebrates and some 
vertebrates.17 Neonicotinoids and fipronil have been detected in nectar and pollen of 
treated crops (maize, oilseed rape and sunflower). This suggests the existence of an 
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exposure pathway facilitating adverse effects in non-target pollinators. Consumption of 
contaminated food by pollinators is known to result in impaired learning and navigation, 
increased mortality, increased susceptibility to disease, and other colony-level effects in 
bees.18 Acute LD50 values for neonicotinoids and fipronil range from 2.5-12.6 ng/bee.19 
Neonicotinoids can persist for years in soils and accumulate from repeated use, thereby 
posing risks to soil invertebrates. Neonicotinoids are highly water soluble and therefore 
can leach into surface and groundwater environments, such as ponds, ditches and streams 
and aquifers serving as drinking water resources.18 Results from comprehensive species 
(n=48) sensitivity distribution analysis of 214 toxicity tests conducted by others 
concluded that any long-term neonicotinoid concentrations in water greater than 35 ng/L 
or short-term peak exposures exceeding 200 ng/L may adversely affect sensitive aquatic 
invertebrate populations.20 Fipronil and its major degradates – sulfone, sulfide, amide, 
and desulfinyl (jointly known as fiproles) are also highly toxic to aquatic invertebrates, 
with half maximal effective concentration (EC50) values ranging between 7.5-729 ng/L.21 
These insecticides can impact ecosystems by exerting toxicity directly or indirectly, by 
reducing the supply of certain prey species in food chain.22 These toxicological concerns 
have motivated the implementation of regulatory action in many countries as shown 
Figure 1-5. Suspension of agricultural applications of corn, rice, sunflower, and other 
crops attractive to pollinators in France, Italy, China, and European Union (EU) were 
motivated by concern over the health of bees.23-27 In the United States, fipronil usage 
restrictions were motivated by a total of 20 U.S.EPA ecological risk assessments that 
identified acute and chronic risks to freshwater, estuarine, and marine invertebrates, 
direct chronic risks to both fresh- and saltwater fish species, acute and chronic terrestrial 
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vertebrate risk, acute lethal and reproduction risks to birds, and reproductive effects in 
insectivorous mammals.23 
 
Figure 1-5. Regulatory actions taken worldwide on the use of neonicotinoids and fipronil  
Data Gap 
There exists very limited data on the nationwide occurrence of neonicotinoids and 
fipronil in the U.S. wastewater infrastructure resulting from their diverse usage. There are 
more than 16,500 publicly owned treatment works (POTWs) in the United States serving 
more than 227 million people; these plants collectively treat and discharge 130.5 billion 
liters wastewater per day nationwide.28 The amount of sewage sludge generated annually 
is about 13.84 million dry metric tons U.S. nationwide.28 Therefore, the occurrence of 
insecticides in wastewater at parts-per-trillion level potentially may result in nationwide 
annual loading of several tons of insecticide residues. In the U.S., wastewater treatment 
plants (WWTPs) discharging to inland surface waters are required to perform at least 
secondary treatment prior to discharging effluent to water bodies or land, or reuse under 
National Pollutant Discharge Elimination System (NPDES) framework; however, there 
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exists no standards for neonicotinoids and fipronil residuals in effluent and biosolids. 
WWTPs, not located in coastal areas, typically discharge their treated effluent into nearby 
streams and rivers, thereby contributing to or creating water bodies which are “effluent-
dominated,” i.e., comprised of a considerable proportion of effluent. Considering that the 
neonicotinoids and fipronil have longer half-lives and have potential to affect ecosystems 
(aquatic invertebrates, vertebrates, and pollinators) at parts-per-trillion levels, its presence 
in discharged effluent and treated biosolids can acts as a pathway for their inadvertent 
entry into the surface water and agricultural environment. 
At the onset of this thesis work, only one U.S. study had examined imidacloprid 
(one of a family of six neonicotinoid insecticides) in municipal wastewater.29 In said prior 
study, influent and treated municipal sewage sludge (biosolids) were not sampled, and 
only grab effluent samples from 52 Oregon municipal WWTPs were analyzed. This 
rendered the fate determination of neonicotinoids during wastewater treatment 
inconclusive, demanding further research. Furthermore, this prior study featured an 
elevated method detection limit of 200 ng/L (considerably higher than the toxicity 
thresholds for aquatic species20) thus detecting imidacloprid in <10% of treated effluent 
samples (202–387 ng/L). Fipronil has been detected in treated wastewater discharged by 
nine of 25 U.S. wastewater treatment plants (WWTPs) (<10-70 ng/L);30 six Florida 
WWTPs (16-110 ng/L);31 seven of nine Oregon and Washington municipal WWTPs (27-
130 ng/L);32 and two California WWTPs (<1-57 ng/L).33 However, prior studies 
sometimes were limited by featuring method detection limits higher than toxicity 
thresholds for sensitive species, failing to monitor all major fipronil transformation 
products or omitting analysis of suspended particulates that were removed by filtration or 
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other treatment procedures prior to analysis.30, 31, 33, 34 Fipronil degradates have been 
shown to exhibit long environmental half-lives and can exceed parental fipronil in toxic 
potency and bioaccumulation potential in many species.33, 35-38 Therefore, comprehensive 
a nationwide study was warranted to assess the occurrence of all major fipronil 
degradates (sulfone, sulfide, amide, desulfinyl; Figure 1-1) and to determine the extent of 
biotransformation of fipronil to its major degradates and beyond during treatment. 
Additionally, owing to the hydrophobicity of fiproles, they show a tendency to partition 
into sewage particulates, thereby necessitating the sampling and analysis of filter-
removable organic matter contained in wastewater influent and effluent, as well as the 
analysis of raw and treated sewage sludge.  
Primary Goals and Strategy 
The general goal of my PhD thesis was to determine the fate of neonicotinoid 
insecticides and various fiproles during U.S. wastewater treatment and to estimate 
environmental releases to U.S. surface waters. To achieve this goal, precise sampling 
tools and methods of detections were required. Prior fate studies often had been limited 
by using one-time grab sampling events. It has been observed that for most of the 
wastewater-borne contaminants, mass loading will be variable over time.39-46 Based on 
the type of contaminant, variability will be time (daily/weekly) and flow (day/night) 
dependent, and it will not be captured accurately by relying on a single grab sampling 
event, rendering fate determination inconclusive. Thus, instead of grab samples, I 
propose environmental sampling by acquiring composite (24-hour; flow-weighted or 
time-averaged) samples using automated, programmable autosamplers for precise fate 
determination.47, 48  
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As the contaminants of interest may pose a risk to sensitive ecosystems at parts-
per-trillion levels, precise methods of detection that can quantify down to below the risk 
thresholds were needed. I propose to achieve this level of sensitivity by using of solid 
phase extraction cleanup and pre-concentration, tandem mass spectrometry 
quantification, and method of isotope dilution.  
Hypotheses 
I hypothesize that (i) large-scale, diverse uses of neonicotinoids and fipronil have 
resulted in widespread occurrence of these insecticides in urban wastewater of U.S. cities; 
(ii) use of automated, flow-weighted sampling combined with tandem mass spectrometric 
analysis and isotope dilution can generate data informative on the fate during engineered 
waterways of neonicotinoids and of fipronil and its degradates (fiproles); and (iii) 
longitudinal analysis of neonicotinoids and fiproles in wastewater and sewage sludge can 
reveal trends in usage practices, determine the effect of regulatory interventions, and 
drive future regulatory policies.  
Specific Aims 
Specific aims of this dissertation are to determine: (i) nationwide usage practice of 
neonicotinoids and of fipronil; (ii) nationwide occurrence in wastewater; (iii) the impacts 
of wastewater and sludge treatment; (iv) relevance of detected levels in treated 
wastewater and sludge; (v) nationwide releases to the environment via wastewater 
infrastructure; and (vi) impact of policy changes and regulatory interventions on the 
nationwide emissions of neonicotinoids and fipronil.  
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TRANSITION 1 
This dissertation is comprised of individual studies focused on the fate and 
occurrence in the U.S. urban wastewater infrastructure of recently introduced pesticides – 
neonicotinoids and fipronil. The occurrence of neonicotinoids in U.S. wastewater has not 
yet been studied widely. At the onset of this thesis work, there existed only one study 
examining a single neonicotinoid pesticide, namely imidacloprid, in effluent samples 
from 52 Oregon municipal WWTPs. The latter Oregon study featured a relatively high 
method detection limit of 200 ng/L, yielding detections of imidacloprid at a frequency of 
<10% of the samples, challenging further work with more sensitive methods to target a 
broader set of insecticides and transformation products of this important group of 
insecticides. 
In Chapter 2, the occurrence of six neonicotinoids (imidacloprid, clothianidin, 
acetamiprid, thiamethoxam, thiacloprid, and dinotefuran) and of one degradate 
(acetamiprid-N-desmethyl) is studied in influent and effluent samples of thirteen 
wastewater treatment plants from across the United States. Neonicotinoids were analyzed 
in wastewater by isotope dilution liquid chromatography tandem mass spectrometry 
methods featuring significantly lower method detection limits (MDLs) of 0.1-32.6 ng/L. 
Flow-weighted sampling for 5-consecutive days was conducted with an array of 
automated samplers programmed for intermittent sampling that yielded composite 
samples proportional to expected hourly flow rates. A mass balance then served to 
determine the removal of neonicotinoids during the conventional treatment – primary 
sedimentation, activated sludge treatment, and chlorination.  
 13 
CHAPTER 2 
MASS BALANCE ASSESSMENT FOR SIX NEONICOTINOID 
INSECTICIDES DURING CONVENTIONAL WASTEWATER AND WETLAND 
TREATMENT: NATIONWIDE RECONNAISSANCE IN U.S. WASTEWATER 
ABSTRACT  
Occurrence and removal of six high-production-volume neonicotinoids was 
investigated in 13 conventional wastewater treatment plants (WWTPs) and one 
engineered wetland. Flow-weighted daily composites were analyzed by isotope dilution 
liquid chromatography tandem mass spectrometry, revealing the occurrence of 
imidacloprid, acetamiprid and clothianidin at ng/L concentrations in WWTP influent 
(60.5 ± 40.0; 2.9 ± 1.9; 149.7 ± 289.5) and effluent (58.5 ± 29.1; 2.3 ± 1.4; 70.2 ± 121.8). 
A mass balance showed insignificant removal of imidacloprid (p = 0.09, CI = 95%) and 
limited removal of the sum of acetamiprid and its degradate, acetamiprid-N-desmethyl 
(18 ± 4%, p = 0.01, CI = 95%). Clothianidin was found only intermittently, whereas 
thiamethoxam, thiacloprid, and dinotefuran were never detected. In the wetland, no 
removal of imidacloprid or acetamiprid was observed. Extrapolation of data from 13 
WWTPs to the nation as a whole suggests annual discharges on the order of 1000-3400 
kg/y of imidacloprid contained in treated effluent to surface waters nationwide. This first 
mass balance and first U.S. nationwide wastewater reconnaissance identified 
imidacloprid, acetamiprid, and clothianidin as recalcitrant sewage constituents that persist 
through wastewater treatment to enter water bodies at significant loadings potentially 
harmful to sensitive aquatic invertebrates 
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Introduction 
Neonicotinoids are the world’s most widely used insecticides, with global 
production valued at US$2.5 billion and registrations in more than 120 countries for 
commercial use on more than 140 crops.49 These insecticides are used for control of 
aphids, whiteflies, planthoppers, lepidoptera, and some coleopteran and other pests, 
where they function as powerful neurotoxins.49-51 
In December, 2013, the European Commission introduced a 2-year moratorium 
on clothianidin, imidacloprid, and thiamethoxam, following reports by the European 
Food Safety Authority (EFSA) of these substances posing an "acute risk" to honeybees 
essential to farming and natural ecosystem.52 Temporal and expired restrictions allow for 
potential current and future uses of neonicotinoids in these settings. Adverse effects from 
widespread use of neonicotinoids have been reported recently for many non-target 
organisms like phloem-feeding insects,53 pollinators and bees,54 and aquatic 
invertebrates.55 Median lethal dose values (LD50) of neonicotinoids for bees vary from 5-
70 ng/bee.56 Sub-lethal doses have been shown to cause ATP synthesis inhibition,57 
resulting in weakening of foraging success, memory, and learning, damage to the central 
nervous system,54 and increased susceptibility to diseases.58 A recent review based on 
214 toxicity tests of 48 species suggested that average individual environmental 
concentrations of greater than 35 ng/L may severely affect sensitive aquatic invertebrates 
populations.55 Another study indicated that aquatic macrofauna populations dropped 
sharply at concentrations between 13 and 67 ng/L.59 Insectivorous birds are also 
susceptible to exposure through the food chain.60 A study in the Netherlands observed a 
decline in insectivorous bird population after the introduction of imidacloprid, the highest 
 15 
production volume insecticide in the world; imidacloprid concentrations of greater than 
20 ng/L correlated with 3.5% average annual declines in bird populations.61 Imidacloprid 
is moderately toxic to fish communities;62 oxidative stress and DNA damage have been 
reported in Zebrafish.63 Furthermore, co-occurrence of multiple neonicotinoids is known 
to impart synergistic toxic effects.17 
During the past decades global contamination with neonicotinoids has been 
observed in surface waters, many of which receiving treated effluent from wastewater 
treatment plants. In a nationwide assessment of U.S. streams, at least one neonicotinoid 
was detected in 53% of the samples analyzed (n=38).64 In California, imidacloprid was 
detected in 89% of surface water samples collected from agricultural regions (n=75) in 
which 19% of the samples exceeded concentrations of 1.05 µg/L, the chronic invertebrate 
Aquatic Life Benchmark value established by the United States Environmental Protection 
Agency (U.S.EPA).65 In Canadian wetlands of the central-eastern region of 
Saskatchewan, neonicotinoids were detected frequently in 2012-2013 (48%; n=440) at a 
total average concentration of 51.8 ng/L, with higher detection frequencies being 
observed in spring and higher mean concentrations in summer.66 In several rivers around 
Sydney, Australia, the average total neonicotinoid concentration was 118 ng/L; 
imidacloprid was the most common neonicotinoid, detected in 93% of samples (n=15). 67 
Clothianidin was detected with a detection frequency of 46.6% in groundwater and 
surface water samples (n=58) collected in Germany.68 
Wastewater constitutes a potential source of neonicotinoids in the environment 
that has not received much attention yet. Neonicotinoids are widely used in non-industrial 
agricultural applications such as pet flea treatment, horticulture, and household pest 
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control products. Thus, these usages may contribute to neonicotinoid loadings detectable 
in sewage. A few studies have detected imidacloprid in wastewater, showing that treated 
effluent can inadvertently contribute to neonicotinoid discharge into receiving water 
bodies. Indeed, a nationwide assessment of U.S. streams showed a positive correlation 
between neonicotinoid occurrence and urban land usage, but not with agricultural use.64 
In Oregon, effluent samples from 52 wastewater treatment plants (WWTPs) analyzed for 
imidacloprid showed detections in 9.8% samples (n=102), with an average concentration 
of 270 ng/L.69 In Spain, imidacloprid was detected in wastewater influent and effluent 
samples at concentrations ranging from 1.4–165.7 ng/L (59.4%; n=32).70 In another 
related Spanish study, imidacloprid was detected in river water receiving WWTP effluent 
at a maximum concentration of 19.2 ng/L, identifying sewage treatment facilities as a 
source of neonicotinoids in the environment.71 In Beijing, China, imidacloprid was 
detected in WWTP influent and effluent at concentrations of 45-100 and 45-106 ng/L, 
respectively, with no further information being provided on the treatment processes 
employed.72  
With wastewater representing a likely source of neonicotinoids in the U.S. aquatic 
freshwater environment, the goal of the present study was to conduct a first mass balance 
assessing the fate of six neonicotinoids (listed in order of decreasing global annual 
turnover: imidacloprid, thiamethoxam, clothianidin, acetamiprid, thiacloprid, and 
dinotefuran49) during conventional wastewater treatment and wetland treatment, and to 
obtain through a nationwide reconnaissance a first national emission estimate by 
monitoring additional treatment facility from across the U.S. nation.
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Materials and Methods 
Chemicals and Reagents.  
Organic solvent of high performance liquid chromatography (HPLC) grade and 
formic acid of American Chemical Society (ACS) grade (98%) were purchased from 
Sigma-Aldrich Corp., St. Louis, MO, USA. Ultrapure LC-MS grade water was purchased 
from Thermo Fisher Scientific, Waltham, MA, USA. Analytical standards for six 
neonicotinoids, an acetamiprid degradate, and deuterated labeled standards for 
imidacloprid (imidacloprid-d4), acetamiprid (acetamiprid-d3) and clothianidin 
(clothianidin-d3) were obtained from Sigma-Aldrich Corp., St. Louis, MO, USA (CAS 
numbers provided in Table B-1). Stock solutions of analytical standards (1 ppb to 10 
ppm) and their mixtures were prepared in acetonitrile and stored at -20˚C.  
Sample Collection.  
Sampling for this mass balance assessment was conducted at two levels; one plant 
and wetland were studied in great detail to obtain general information on the fate of 
neonicotinoids, and then additional plants were sampled to see whether the information 
obtained is more broadly applicable to treatment facilities in the United States. In early 
December 2014 for a period of five consecutive days (Thursday through Monday), a 
large activated sludge sewage treatment plant with an engineered wetland downstream 
were sampled extensively. The plant is located in the southwestern region of the USA 
and designed to serve a population of up to 2.5 million with design capacity of 870 
million L/d (MLD), receiving sewage comprised of 94% domestic wastewater and 6% 
industrial wastewater.  
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The treatment facility produces Class B+ reclaimed water discharged into a river 
and Class B sludge used for land application. The highest-flow treatment train was 
selected for detailed studies on plant performance. Unit processes performed at the 
WWTP include: screening, grit removal, primary sedimentation, activated sludge 
biological treatment, secondary clarification, disinfection treatment by chlorination, 
thickening of primary sludge and waste activated sludge by centrifugation, anaerobic 
sludge digestion, and dewatering of digested sludge by centrifugation. Primary sludge 
and waste activated sludge are digested at 35˚C, with an average solids retention time of 
21 days. Effluents from a total of five parallel treatment trains are combined, and a 
portion of this total flow is directed into an engineered wetland located immediately 
downstream and featuring a hydraulic retention time (HRT) of about 4.7 days, an average 
water depth of about 1.5 m, total suspended solids (TSS) concentrations in wetland 
influent and effluent of 10-15 mg/L, and average wastewater flow received and 
discharged around 280 MLD and 250 MLD, respectively. Average values of 
carbonaceous biochemical oxygen demand (cBOD) for plant influent and wetland 
effluent were 288 ± 23 mg/L and 7 ± 1 mg/L, respectively, demonstrating cBOD removal 
of approximately 98%. Average TSS values in plant influent and wetland effluent were 
437 ± 160 mg/L and 14 ± 3 mg/L, respectively, achieving TSS removal of 96 ± 1%.  
The treatment train selected for sampling received wastewater at a flow rate 
averaging 230 MLD. Seven portable automated samplers (6712 Full-Size Portable 
Sampler, Teledyne Isco, Lincoln, NE, USA) were programmed based on three-week 
average hourly-daily flow rate data to collect 2.5 liters of flow-weighted composite 
samples of primary influent, primary effluent, secondary effluent, waste activated sludge, 
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disinfection basin effluent, wetland influent and wetland effluent over a period of 24 
hours for 5 consecutive days. Detailed information on sample programming and flow 
diagram of WWTP (Figure B-1) is provided in Appendix. Samples were collected in pre-
cleaned (acetone washed and heated at 500oC for 5 hours) amber 2.5-liter wide-mouth 
glass bottles. Grab samples of primary sludge and dewatered sludge were collected in 
pre-cleaned amber 1-liter glass bottles and amber 40-mL volatile organic analysis (VOA) 
glass vials, respectively. 
After collection, samples were placed into coolers and shipped to the laboratory, 
where 600 mg/L Kathon CG-ICP preservative and 80-100 mg/L sodium thiosulfate were 
added to disinfect and dechlorinate the samples, and to prevent biological and chemical 
degradation of analytes to take place during storage (see Appendix B for additional 
information). Then, 500 mL aliquots of water were fortified with 200 ng of the deuterated 
surrogate standards to account for losses during storage, extraction and analysis. Solid 
samples were dried and fortified with labeled standards to a nominal concentration of 400 
ng/g (dry weight solids). All samples were stored at 4°C prior to processing.  
For the expanded nationwide reconnaissance, 12 additional U.S. WWTPs 
voluntarily collected 24 hourly, flow-adjusted samples that were provided to the study 
team in the year of 2015 as a composited sample. The WWTPs, who requested 
anonymity as a prerequisite of study participation, are located in different regions of the 
country as described in the discussion section. Typically, only one composite each was 
provided of raw influent and treated effluent collected simultaneously on a random 
workday. Four facilities provided effluent only; 3 facilities performed tertiary treatment 
by filtration, 3 facilities performed UV disinfection instead of chlorination, and all other 
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facilities performed conventional treatment (secondary treatment followed by chlorine 
disinfection). Samples were stored at -20°C prior to processing. 
Extraction of Water Samples.  
An automatic solid-phase extraction instrument (Dionex AutoTrace 280, Thermo 
Scientific, Waltham, MA, USA) was used to concentrate and elute analytes from water 
samples from the sorbent bed for analysis. Following screening of extraction efficiency 
of a combination of sorbents and sample volumes, reverse-phase functionalized 
polymeric styrene divinylbenzene sorbent (Strata X & XL, 500 mg/3 mL, Phenomenex, 
Torrance, CA, USA) was selected and loaded with 500 mL of wastewater sample. Before 
loading, cartridges were conditioned with 3 mL methanol, followed by 3 mL water. Then, 
500 ml wastewater samples spiked with 200 ng of the deuterated surrogate standards 
were loaded onto the cartridges at a flow rate of 2 mL/min, washed with water, and dried 
with nitrogen gas for 5 minutes. Two consecutive elutions were performed, each with 4 
mL of a mixture (95:5, v/v) of methanol and formic acid.  
Equal volumes of serial eluates were combined, evaporated, and reconstituted to 
half the volume of water and methanol solution (80:20, v/v) in 0.1% formic acid for LC-
MS analysis. Waste activated sludge and primary sludge samples featuring a TSS content 
of approximately 2 and 6%, respectively, were spun in a centrifuge at 7500 g for 10 
minutes. Resultant supernatants were extracted as described above for water samples, 
whereas the solids separated from the samples were extracted separately as described 
below.  
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Extraction of Solid Samples.  
Solid samples were dried under nitrogen using an evaporator (Reacti-Therm TS-
18821, Thermo Scientific, Waltham, MA, USA). One gram aliquots of solids samples 
(dry weight) spiked with 400 ng of the deuterated surrogate standards were transferred 
into 40 mL VOA vials, extracted with 10 mL acetone, placed on a shaker for 24 hours, 
and sonicated for 1 hour. Extracts were spun in a centrifuge at 3000 g for 5 minutes and 
the supernatants were transferred into new vials. The solids were extracted a second time 
with acetone, vortexed for a minute, centrifugated, and the supernatants were combined 
with the first extracts.  
After two extractions in sequence, the resultant acetone extracts were dried under 
a stream of nitrogen, and analytes were reconstituted in 6 mL of hexane, following which 
the resultant extract was cleaned up by solid phase extraction (similar to U.S.EPA 
Method 3620C) with a sorbent bed featuring a blend of magnesium oxide and silica gel 
(Sep-Pak Vac Florisil Cartridge 6 cc containing 1 g of sorbent, Waters Corporation, 
Milford, MA, USA). Before loading, the sorbent was conditioned successively with 6 mL 
dichloromethane (DCM), 6 mL acetone and 6 mL hexane. Extracts in hexane were 
loaded onto the cartridges, the resin bed was washed with 6 mL of hexane, and analytes 
eluted subsequently with 4 mL DCM and 4 mL acetone.  
Aliquots of 1 mL of each serial extract (acetone and DCM) were transferred and 
combined into 2-mL LC analysis vials, dried under a gentle stream of nitrogen, and 
reconstituted with 1 mL of a solution of water, methanol and formic acid (80/20/0.1, 
v/v/v) for analysis.  
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Liquid Chromatography Separation and Tandem Mass Spectrometry Analysis.  
 Separation was carried out using a Shimadzu Ultra Performance Liquid 
Chromatography (UPLC) system, equipped with the SIL-20AC autosampler and 20-AD 
solvent delivery system (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA). 
Simultaneous chromatographic separation of the six neonicotinoids plus one degradate 
was performed by reverse phase liquid chromatography using a 4.6 x 150 mm C8 column 
(XBridge, Waters Corporation Milford, MA, USA) with 3.5 µm bridged ethylene hybrid 
(BEH) particles. A binary gradient with 0.1 % formic acid in water and methanol at a 
total flow rate of 0.5 mL/min was applied. The injection volume was 100 µL and the 
mobile phase consisted of 20% organic with an initial 1-min ramp of 10% solvent content 
increase min-1, followed by a 6-minute ramp of 10.8% min-1 to 95% organic, where it was 
held for 3.5 min, for a total run time of 14 min.   
Identification and quantitation were performed using an API 4000 tandem mass 
spectrometer (ABSciex, Framingham, MA, USA) in positive electrospray (ESI+) mode 
by monitoring the first and second most abundant ion transitions for quantification and 
confirmation, respectively. Mass spectrometry was performed at a source heating 
temperature of 700°C, ion spray voltage of 4500 V, curtain gas (nitrogen) pressure of 50 
psi, nebulizer gas pressure of 90 psi, heater gas pressure of 75 psi, and dwell time of 70 
ms. Analyst software, version 1.5 (ABSciex, Framingham, MA, USA) was used for LC-
MS/MS system control and data analysis. Information on calibration curves, method 
validation, quality assurance, and quality control can be found in Appendix B. 
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Mass Balance Calculations.  
An analyte mass balance was performed for the full-scale wastewater treatment 
train, over a period of 5 consecutive days (to account for the hydraulic residence time), 
combining primary, activated sludge and disinfection treatment, using the following 
equation:  
ṁtransformed = 𝑄OPQ	𝑥	𝐶OPQ – 𝑄TQQ	𝑥	𝐶TQQ	– 𝑀VWX	𝑥	𝐶VWX   (1)  
where, ṁtransformed = mass input of neonicotinoids lost to transformation or unaccounted 
for (g/day), Qinf = flowrate of influent to primary clarifier (L/day), Cinf = concentration of 
neonicotinoids in influent entering primary clarifier (g/L), Qeff = flowrate of effluent after 
chlorine disinfection (L/day), Ceff = concentration of neonicotinoids in effluent leaving 
treatment plant (g/L), MDWS = mass of dewatered sludge produced (kg/day), and CDWS = 
concentration of neonicotinoids in dewatered sludge (g/kg). 
Individual mass balance for primary treatment, activated sludge treatment, 
disinfection treatment, and constructed wetland were calculated similarly (see Appendix 
B). A paired two tailed t-test was performed (α = 0.05) to compare mean daily masses 
between treatment streams. Differences were determined at the p < 0.05 significance 
level.  
Determination of Sludge Water Partitioning Coefficient (Distribution Coefficient, KD).  
To determine the sorption affinity of analytes onto sludge particulates, a 
partitioning study was conducted.73 Ten mL aliquots of water having 1 ppm, 10 ppm and 
100 ppm of all six neonicotinoids was added to 1 gram of dewatered sludge and after 10 
days of shaking in the dark at 22°C, water and solids were analyzed to establish the 
partitioning behavior.  
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Sludge was inactivated prior to shaking by addition of 600 mg Kathon CG/ICP 
and 300 mg of sodium azide to prevent any possible biotransformation. To determine KD 
values, the sorbed concentration was plotted against bulk concentration remaining after 
sorption, and equation 3 was used: 
KD = 
YZY[                         (2) 
where, KD = distribution coefficient, L/kg dry weight, CS = sorbed concentration on the 
solid particulates, mg/kg dry weight of dewatered solids, CD = bulk concentration 
remaining after sorption, mg/L. 
Results and Discussion 
Method Performance.  
The tandem mass spectrometry method developed for this study targeted six 
neonicotinoids and one degradate simultaneously at part-per-trillion levels by monitoring 
two ion transitions via multiple reaction monitoring (MRM). Mass spectrometry 
parameters optimized for detection are summarized in Table B-2. Limits of detection of 
analytes in different matrices are shown in Table 2-1 (see Appendix B for information on 
data analysis and reporting methods). To assure the quality and validity of results, each 
analysis batch of environmental samples contained a field blank, method blank, and 
check samples. No false positive values suggesting post-sample collection contamination 
were detected during the analysis of all samples. Values of relative percent deviation 
(RPD) were in an acceptable range for imidacloprid (25 ± 17%), acetamiprid (20 ± 17%), 
acetamiprid-N-desmethyl (28 ± 22%), and clothianidin (18 ± 22%), as summarized in 
Table B-3. 
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Table 2-1. Partitioning Properties, Method Detection Limits, and Detected 
Concentrations (mean ± SD) of Neonicotinoids in Wastewater Treatment and Wetland 
Streams. 
		 partitioning 
properties 
method detection limit (MDL) 
  wastewater biosolids 
compound 
log 
KOW 
log 
KD 
MDL, 
ng/L 
LOQ, 
ng/L 
absolute 
recovery, 
% 
relative 
recovery, 
% 
MDL, 
ng/g dw 
LOQ, 
ng/g dw 
absolute 
recovery, 
% 
relative 
recovery, 
% 
imidacloprid 0.57 1.20 0.6 1.8 82 ± 20 116 ± 10 1.1 3.3 86 ± 12 111 ± 19 
clothianidin 0.91 1.20 0.9 2.7 90 ± 16 105 ± 10 1.4 4.2 95 ± 15 110 ± 8 
Acetamiprid (A) 0.80 1.32 0.1 0.3 82 ± 3 95 ± 5 0.7 2.1 60 ± 3   97 ± 11 
A.-N-desmethyl 0.65 - 0.6 1.8 87 ± 9 N/A 1.9 5.7 88 ± 9 N/A 
thiamethoxam -0.13 0.37 0.3 0.9 99 ± 5 N/A 4.4 13.2 87 ± 12 N/A 
thiacloprid 1.26 1.45 0.1 0.3 65 ± 4 N/A 1.6 4.8 69 ± 9 N/A 
dinotefuran -0.55 0.34 32.6 97.8 31 ± 3 N/A 86.5 259.5 34 ± 5 N/A 
 
		 detected concentration, ng/L 
   WWTP process streams  wetland 
compound influent 
primary 
effluent 
secondary 
effluent 
disinfection 
effluent 
influent effluent 
imidacloprid 54.7 ± 9.3 58.4 ± 12.6† 48.6 ± 7.8 48.6 ± 8.4 48.2 ± 4.8 41.5 ± 11.5 
clothianidin 149.7 ± 273.1ǂ 163.8 ± 195.9ǂ 131.3 ± 170.8ǂ 116.7 ± 144.9ǂ 124.8 ± 121.8 69.3 ± 53.9 
Acetamiprid (A) 3.7 ± 0.8 3.4 ± 0.6 1.8 ± 0.4 1.7 ± 0.5 2.1 ± 0.5 2.0 ± 0.2 
A.-N-desmethyl BDL BDL 1.3 ± 0.3 1.3 ± 0.4 1.4 ± 0.3 1.6 ± 0.3 
thiamethoxam BDL BDL BDL BDL BDL BDL 
thiacloprid BDL BDL BDL BDL BDL BDL 
dinotefuran BDL BDL BDL BDL BDL BDL 
WWTP, wastewater treatment plant; † analyzed in triplicate; ǂ 80% detection frequency; N/A, not applicable (as isotope-labeled 
surrogate standard was not available); BDL, below detection limit; dw, dry weight; KOW, n-octanol-water partition coefficient; KD, 
sludge-water partition coefficient; LOQ, limit of quantification. 
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Occurrence and Fate of Neonicotinoids in the Wastewater Treatment Process.  
Over the sampling period of 5 consecutive days (Thursday through Monday) with 
3 workweek days and 2 weekend days, consistent loading with imidacloprid (45-55 ng/L; 
100% DF) and acetamiprid (3-5 ng/L; 100% DF), and erratic loading of clothianidin (< 1-
666 ng/L; 80% DF) was observed (Table 2-1). Also detected was acetamiprid-N-
desmethyl (1-2 ng/L; 100% DF), a degradate of acetamiprid formed here as a result of 
activated sludge treatment. Neonicotinoids not detected in process streams included 
thiacloprid, thiamethoxam and dinotefuran, with their corresponding method detection 
limits summarized in Table 2-1.   
Mass Balance of Neonicotinoids in Aqueous WWTP Process Flows.  
During the 5-day sampling period, the average concentrations (mean ± standard 
deviation) of imidacloprid, acetamiprid, and clothianidin detected in plant influent were 
54.7 ± 9.3 ng/L, 3.7 ± 0.8 ng/L, and 149.7 ± 273.1 ng/L, respectively. These 
neonicotinoids entered the primary clarifier in which settling occurred, diverting 1% of 
total volumetric flow away as sludge featuring a TSS content 17-times higher than that of 
the clarifier effluent. Resultant daily composite effluent samples of primary treatment 
contained similar levels to those found in raw sewage (influent) during 5-day sampling 
period. Secondary treatment consisted of an activated sludge unit operation, a biological 
process aimed at breaking down organic compounds primarily by microbial degradation. 
Average concentrations of imidacloprid and clothianidin in secondary effluent were 48.6 
± 7.8 ng/L and 131.3 ± 170.8 ng/L, implying no discernible removal by processes 
including microbial degradation, hydrolysis, and oxidation in the aeration basin. Prior lab 
studies also had shown insignificant transformation of imidacloprid in both acidic and 
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neutral water.74 However, acetamiprid undergoes relatively fast dissipation in neutral 
environment having an aqueous dissipation half-life of 4.7 days,74 and corresponding 
results were observed during secondary treatment, with effluent concentration of 
acetamiprid (1.8 ± 0.4 ng/L) cut in half compared to influent, and the formation of 
acetamiprid-N-desmethyl being observed, thereby confirming transformation of 
acetamiprid in the aeration basin, presumably mediated in part by aerobic 
microorganisms. Secondary effluent showed average daily concentrations of acetamiprid-
N-desmethyl of 1.3 ± 0.3 ng/L. Concentrations of acetamiprid-N-desmethyl in primary 
influent and primary effluent were below the detection limit (<0.5 ng/L). To meet 
microbial removal criteria, the wastewater facility examined herein uses chlorination at a 
chlorine dosage of 2.5 mg/L. Although chlorine has the potential to oxidize organic 
compounds, no change in concentrations of imidacloprid, acetamiprid, acetamiprid-N-
desmethyl, and clothianidin were observed during this disinfection treatment process. 
Concentration (Table 2-1) data on neonicotinoids in aqueous process streams 
were used in conjunction with corresponding flow rate (Table B-4) information to 
compute pesticide mass flow through the facility. Based on the daily average flow 
received by the treatment train, the total mass of analytes passing through the facility 
during the monitoring period was determined (Figure 2-1). Error values on the total mass 
is derived from maximum and minimum values of detected concentrations from two 
experimental replicates.  
Mass in raw sewage of imidacloprid, acetamiprid, and clothianidin corresponded 
to 66.7 ± 3.0 grams/5 days, 4.5 ± 0.4 grams/5 days, and 183.0 ± 7.3 grams/5 days, 
respectively. After primary treatment, the total mass leaving the primary clarifier in 
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effluent was similar to those in influent (Figure 2-1), implying insignificant sorption of 
neonicotinoids onto sludge particulates, with the analytes persisting during primary 
treatment. The mass of imidacloprid and clothianidin leaving the secondary clarifier was 
58.3 ± 6.3 grams/5 days and 159.6 ± 8.9 grams/5 days, respectively. These data indicate 
persistence of both compounds during secondary treatment. The mass of acetamiprid 
leaving the secondary clarifier in the form of the parent compound was 2.1 ± 0.1 grams/5 
days, indicating a 53 ± 3% loss of acetamiprid in the aeration basin. The acetamiprid 
degradate, acetamiprid-N-desmethyl, accounted for 1.6 ± 0.2 grams/5 days in effluent, 
which reduced the total mass removal estimate for acetamiprid and its major degradate to 
18 ± 4%. Whereas relevant information on the toxicity of acetamiprid-N-desmethyl is 
unavailable, in theory this degradate could still impart toxicity to non-target organisms 
via its cyano group, which is known to interact with the nAChR receptor of insects.10, 75 
Similarly, a mass balance on chlorination treatment of imidacloprid, acetamiprid, 
acetamiprid-N-desmethyl, and clothianidin showed resistance of each of these 
compounds to oxidation under real-world conditions.  
Paired t-tests were performed to compare the influent and effluent concentrations 
of the three analytes. The mean and standard deviation for imidacloprid for influent and 
effluent were 13.3 ± 2.4 and 11.7 ± 2.1, respectively. The mean daily influent and 
effluent mass loadings of imidacloprid detected over the sampling period were 
statistically indistinguishable (t = 1.88, p = 0.09, CI = 95%).  The mean and standard 
deviation for acetamiprid for influent and effluent were 0.90 ± 0.21 and 0.73 ± 0.09, 
respectively. A mass balance over the WWTP showed total acetamiprid removal of 18 ± 
4% (t = 3.31, p = 0.01, CI = 95%), with 45 ± 4% of the initial mass being discharged as 
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acetamiprid and 37 ± 4% as its degradate, acetamiprid-N-desmethyl. Strong variations in 
the loading of clothianidin during the sampling period stood in the way of conducting a 
firm mass balance; nevertheless, notable persistence (>70%) of the compound during 
treatment was firmly established.  
 
Figure 2-1. Total mass of imidacloprid (a), acetamiprid (b), and clothianidin (c) in 
wastewater unit operation flows over a 5-day period. Whiskers represent maximum and 
minimum values from two experimental replicates. 
0
20
40
60
80
0
1
2
3
4
5
0
50
100
150
200
Primary 
influent
Primary 
effluent
Secondary 
effluent
Tertiary 
effluent
Imidacloprid
Acetamiprid
-N-desmethyl
Clothianidin
M
as
s, 
gr
am
s/5
 d
ay
s
(a)
(b)
(c)
Disinfection
effluent
 30 
Neonicotinoids in Sludges and Biosolids.  
As primary sludge and waste activated sludge represented 2% of the total facility 
flow, the mass of neonicotinoids accumulated in sludge was assessed as part of the mass 
balance analysis. Partitioning of neonicotinoids to wastewater solids was not a major 
factor for their fate during treatment, however. Levels of imidacloprid, acetamiprid, 
acetamiprid-N-desmethyl, and clothianidin were all below their respective MDLs of 1.1, 
0.7, 1.9, and 1.4 µg/kg dry weight sludge. Despite these non-detect values, refined 
concentration estimates were obtained by analyzing the decanted liquid of sludges and 
using the established partition coefficients (Table 2-1) to calculate the approximate 
neonicotinoid concentrations on dry weight solids. As can be seen from Table B-6, the 
resultant concentrations were low and inconsequential for the mass balance analysis (< 
1% of total mass).  
Fate of Neonicotinoids in a Constructed Wetland.  
Availability of sunlight, an average water depth of only about 1.5 m, low TSS 
concentrations (10-15 mg/L), and a HRT of about 4.7 days made the constructed wetland 
a location of potential photolysis of neonicotinoids. Imidacloprid concentrations entering 
and leaving the engineered wetland after 5 days were 54.4 ± 3.4 ng/L and 49.9 ± 14.6 
ng/L, respectively; with corresponding mass loading and discharge were 15.1 ± 0.9 
grams/day and 11.4 ± 3.3 grams/day. Though lab studies have shown that the photolysis 
half-life of imidacloprid in water is less than 1 day,76 no significant removal of 
imidacloprid was observed. During the sampling period (5 days), average concentrations 
of imidacloprid entering and leaving the engineered wetland were 48.2 ± 4.8 ng/L and 
41.5 ± 11.5 ng/L, respectively; the corresponding average daily mass loading and output 
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values were 13.6 ± 1.1 grams/day and 10.2 ± 2.7 grams/day. Thus, no significant removal 
of imidacloprid was observed in the wetland regardless of whether average 
concentrations or daily concentrations off set by the HRT were compared. Similar results 
were found for acetamiprid and acetamiprid-N-desmethyl (Figure B-3). Notable changes 
in loading of clothianidin made it impossible to draw any firm conclusions about 
potential losses in the wetland (Table B-3).  
Environmental Emissions and Potential Impacts of Discharged Neonicotinoids.  
Considering the high toxicity of neonicotinoids to aquatic communities at low 
concentrations, it is necessary to consider WWTP effluent as a source of pesticides to the 
environment. Therefore, to better define the discharge of neonicotinoids into U.S. surface 
waters nationwide and to confirm that the observed behavior is not plant-specific, 
composite wastewater samples were collected from 12 United States WWTPs between 
January and December 2015 and analyzed. The WWTPs analyzed were located in the 
western (n=4), southern (n=6), and midwestern (n=2) regions of the United States, 
featuring diverse microbial communities, suspended solids, sludge age, and hydraulic 
retention time. Influent and effluent concentrations (Figure 2-2; Panel a) of 
neonicotinoids coincided with the conducted mass balance. Facilities 2, 5, and 12 
performed tertiary treatment by filtration and facilities 2, 6, and 12 performed UV 
disinfection instead of chlorination. All other facilities performed conventional treatment, 
i.e., secondary treatment followed by chlorine disinfection. Regardless of treatment 
strategy investigated, neonicotinoids persisted in each case without notable differences. 
The average concentrations discharged (including information on minimum, maximum, 
median values in ng/L as well as detection frequency) were 62.6 ng/L (18.5; 146.4; 52.7; 
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100%) for imidacloprid, 1.9 ng/L (0.6; 5.7; 1.3; 67%) for acetamiprid, and 12.1 ng/L (9.9; 
13.4; 12.5; 42%) for clothianidin.  
 
Figure 2-2. Imidacloprid concentrations detected in 12 U.S. wastewater treatment plants 
(a); for WWTPs 7–10 (*) only effluent was analyzed. Also shown is a comparison of 
published ecological toxicity benchmark values for chronic and acute exposure (red 
dotted lines) with discharged effluent concentration of imidacloprid at different times of 
year (b); appropriate in-stream dilution factors for receiving surface water bodies need to 
be considered for risk assessment and may be as small as unity in effluent-dominated 
streams. 
Thiamethoxam, thiacloprid, and dinotefuran were not detected in any of the 
samples examined, with MDLs of 0.3, 0.1, and 32.6 ng/L, respectively. Based on the 
detected concentration of neonicotinoids in influent and the population served by the 
studied treatment facilities, the total neonicotinoid annual loading in sewage is estimated 
to range from 3.1 to 10.7 mg/person/y, a value reflecting both known domestic and 
unknown agricultural insecticide uses in the respective sewersheds. Accordingly, the 
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mass of neonicotinoids discharged into U.S. surface waters nationwide is estimated to be 
on the order of approximately 1.0 – 3.4 metric tons of imidacloprid [U.S. population is 
considered 318.9 million (2014) (Source: United States Census Bureau)]. No estimates 
are provided for acetamiprid and clothianidin here, because of low concentrations (<10 
ng/L) and relatively low detection frequencies. The nationwide estimate provided here 
could be improved upon by future studies featuring a larger number of seasonal samples 
taken at a greater number of plants. 
The international regulatory framework for neonicotinoids is still immature. In the 
U.S., there currently are no binding regulations in place for neonicotinoid residues in 
treated wastewater. The Dutch government has established maximum permissible risk 
threshold levels for ecosystems ranging from 8 to 13 ng/L, and other published ecological 
reference values for aquatic invertebrates are about 30–40 ng/L.55,59, 77 The imidacloprid 
concentrations in discharged treated wastewater established in this study (18.5-146.4 
ng/L) exceeds the above mentioned thresholds (Figure 2-2-b). Risk posed by wastewater-
borne neonicotinoids will be most pervasive in situations where the discharge receiving 
stream is effluent-dominated, as is the case in the southern locations examined here. Fate 
of discharged neonicotinoids will be influenced by vegetation downstream, water depth, 
and pH, among other factors.78 In this study, fate of the discharged neonicotinoids was 
traced with a comprehensive sampling campaign at one WWTP only and significant 
persistence was observed. Whether WWTP effluent-borne neonicotinoids pose related 
threats of plants and wildlife in wetlands and aquatic ecosystems downstream of WWTP 
discharge locations is currently unknown and deserves further study. Aside from posing 
direct toxicity to aquatic species, these systemic pesticides also can be taken up by plants 
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and circulated throughout the plant tissues,53 this represents a potential pathway for 
exposure of pollinator species and other susceptible, non-target organisms upon 
accumulation of insecticide mass in pollen and nectar.19 During this one time sampling 
event at each facility, it was observed that relatively higher concentrations were 
discharged in the period of June to November when compared to the December to May 
timeframe; however, regional time series analysis is required to confirm and elucidate 
this phenomenon.  
Consistent loading of imidacloprid (influent concentration of 54.7 ± 9.3 ng/L) 
during sampling for 5 consecutive days (not coinciding with seasonal pesticide 
applications in the region) and 100% detection frequency at various locations throughout 
the year suggest that nonagricultural neonicotinoid uses also should be considered as 
contributors. Neonicotinoids have been detected in urine samples of Japanese adults and 
children without occupational spraying histories, suggesting exposure from daily lives 
and consumables.79-81 In recent years, nonagricultural applications of neonicotinoids have 
expanded. Some of the best selling canine and feline flea control products in U.S. contain 
around 10% imidacloprid as an active ingredient. Termicide products often contain up to 
25% acetamiprid. Neonicotinoids also are being used in household sectors as fly bait, 
roach bait, ant bait, and to eradicate bed bugs. These uses could potentially contribute to 
the loadings in sewage observed here. However, lack of inventory and application rate for 
such non-agricultural usage of these active ingredients is a major knowledge gap to study 
their contribution, transport and impact on non-target organisms.82  
In summary, the present work adds much needed data to the occurrences and fates 
of neonicotinoid pesticides in the built water environment. Imidacloprid, thiamethoxam, 
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clothianidin, and acetamiprid are frequently detected neonicotinoids in global surface 
waters.55, 64-68, 83-85According to a recent study, 74% of global surface waters exhibited 
concentrations of individual neonicotinoids exceeding 35 ng/L (n=17).55 Yet, the role of 
real-world, conventional pollution control infrastructure in attenuating sewage-borne 
neonicotinoids was until now ill defined.  
This study adds to the present state of knowledge by furnishing the first mass 
balance for three neonicotinoids – namely imidacloprid, acetamiprid and clothianidin – in 
a full-scale, conventional wastewater treatment plant and constructed wetland in the 
United States, using previously established methods to obtain reliable data.45, 86 Adding to 
prior fate studies including a recent nationwide assessment of neonicotinoids in U.S. 
streams,64, 87 we here provide the first nationwide reconnaissance on the occurrence and 
fate of neonicotinoid insecticides during wastewater treatment. Acetamiprid-N-desmethyl 
was identified as a major degradate formed during activated sludge treatment. The 
present work establishes the presence of neonicotinoids in urban sewershed, demonstrates 
significant recalcitrance of these compounds during conventional and advanced 
wastewater treatment, and indicates risk to the effluent dominated ecosystems. An order-
of-magnitude estimate of the discharge load to surface waters in the U.S. indicates that 
successful management of risks posed by neonicotinoid compounds will have to take 
sewage sources into consideration, even for urban, non-agricultural geographical settings. 
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TRANSITION 2 
 The fate of fipronil has not been widely studied in U.S. wastewater. Only one 
nationwide study exists (Heidler & Halden 2009), in which fipronil was analyzed in 
wastewater and sewage sludge; a noted limitation of this pioneering work included the 
exclusion of major transformation products of fipronil in the target analyte list. Also, this 
early study featured relatively high method detection limits and did not make use of the 
method of isotope dilution, that is known to provide more robust data particularly in 
difficult to analyze complex sample matrices such as raw wastewater and sewage sludge. 
In Chapter 3, I studied the nationwide longitudinal occurrence in U.S. wastewater 
of fipronil and its major transformation products, namely fipronil sulfone, sulfide, amide, 
and desulfinyl, all jointly referred to as “fiproles.” Fiproles have n-octanol/water partition 
coefficient (KOW) values of >104 and experience widespread use in urban settings. To 
accurately detect and quantify these hydrophobic compounds, I monitored their 
occurrence in the built U.S. water environment using isotope dilution liquid 
chromatography tandem mass spectrometry (ID-LC-MS/MS). In total, I analyzed 109 
sewage sludge samples collected in 2001, 2006/7, and 2015/6 by the U.S. Environmental 
Protection Agency (EPA) and by member of the Halden laboratory. Additionally, I 
acquired contemporary wastewater from 12 U.S. WWTPs sampled during 2015/6 to 
determine current levels of fiproles in raw and treated wastewater prior to discharge into 
U.S. surface waters. This work constitutes the first longitudinal monitoring of fiprole 
levels in U.S. sewage sludge. 
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CHAPTER 3 
RETROSPECTIVE NATIONWIDE MONITORING OF FIPRONIL AND ITS 
DEGRADATES IN U.S. SEWAGE SLUDGE FROM 2001-2016 
ABSTRACT  
The insecticide fipronil is under regulatory scrutiny worldwide for its toxicity to 
pollinators and aquatic invertebrates. We conducted the first U.S. nationwide, 
longitudinal study of sewage sludges for fiproles, i.e., the sum of fipronil and its major 
degradates (fipronil sulfone, sulfide, amide, and desulfinyl). Archived sludges (n =109) 
collected in three campaigns over 15 years were analyzed by isotope dilution liquid 
chromatography tandem mass spectrometry, revealing ubiquitous fiprole occurrence (0.2 
- 385.3 µg/kg dry weight) since 2001 and a significant increase (2.4±0.3 fold; p<0.005) to 
similarly elevated levels found in both 2006/7 and 2015/6. A geospatial analysis showed 
fiprole levels in municipal sludges to be uncoupled from agricultural fipronil application 
on cropland surrounding sampled municipalities, establishing non-agricultural uses (i.e., 
spot-on treatment and urban pest control) as a major source of fiprole loading to 
wastewater. Whereas anaerobic digestion was correlated with increases in fipronil sulfide 
at the expense of parental fipronil (p<0.001), total fiprole levels in sewage sludges were 
similar regardless of the solids treatment approach applied (p=0.519). Treatment plant 
effluent available from 12 facilities in 2015/6 contained fiproles at 0.3-112.9 ng/L, 
exceeding the U.S.EPA aquatic invertebrates life benchmark for fipronil in 67% of cases. 
Whereas the U.S.EPA identified fipronil in sludge only recently (2015), retrospective 
analyses and modeling conducted here show contaminant ubiquity and nationwide 
increases of fiprole mass (compared to 2001 levels) in U.S. wastewater, municipal sludge 
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(1130 ± 230  kg in 2015/6), and treated effluent nationwide (1820 ± 360 kg in 2015/6) 
over the past 15 years. 
Introduction 
Fipronil, a phenylpyrazole insecticide having both agricultural and domestic uses, 
was first registered in the United States in 1985.23 Fipronil has caught the attention of 
regulatory agencies worldwide23-27 due to its unwanted toxicity to pollinators (particularly 
honeybees), various beneficial terrestrial insects, and aquatic invertebrates(Figure C-1).7, 
33, 75, 88-91 In the United States, agricultural application of fipronil on corn and turf grass 
was discontinued in 2010 due to concerns over potential ecosystem health impacts 
identified in more than 20 U.S.EPA ecological risk assessments.23 Current registered 
agricultural applications are for use on potatoes, turnips, and rutabagas only.23 Registered 
non-agricultural and outdoor uses of fipronil are in-furrow treatment, lawn care, seed 
treatment, bait treatment, and structural termite treatment (spraying, trenching, and soil 
injection).23 Registered residential uses for fipronil include spot-on treatment for flea and 
tick control on domestic animals and ant mound treatment.23 These non-agricultural 
applications contribute to fipronil release to the environment, as evidenced by fipronil 
detections in indoor/outdoor dust, urban paved surfaces, stormwater, residential runoff, 
and spot-on treated dogs’ rinsate.92-102 
Fipronil occurs at ng/L levels in the U. S. wastewater, persists during 
conventional sewage treatment, and is inadvertently discharged into the environment via 
reclamation of treated wastewater and of sewage sludge deemed fit for application on 
land (biosolids).30-34, 103, 104 In the built and natural environment, fipronil usually occurs 
along with its major degradates formed during aerobic transformation (sulfone), 
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anaerobic transformation (sulfide), and to a lesser degree, degradates from hydrolysis 
(amide) and photodegradation (desulfinyl).34, 103, 104 Fipronil and its degradates have unit-
less octanol-water partitioning coefficient (KOW) values of 104 or greater, indicating their 
tendency to associate with organic particulates contained in wastewater and to 
accumulate in sewage sludge.103 A study of eight California wastewater treatment plants 
(WWTPs) established that about 65±11% of the mass of fipronil and its degradates 
(fiproles) entering WWTPs is discharged with effluent, with the balance persisting and 
accumulating in sludge.103 Similarly, the modeling tool used by the U.S.EPA (EPISuite) 
indicates poor removal of fipronil during wastewater treatment mostly through sorption 
to sludge (~30% of total mass loading), with biodegradation being negligible (<1%). 
Thus, analysis of sewage sludge can provide insights not only into the extent of 
secondary fiprole releases from sewage sludge application on land but also on the 
minimum pesticide loading to the plant and approximate concentrations of these 
pollutants in effluent discharged.  
Emissions of fiproles from WWTPs in effluent and sludge raise concerns over 
toxic exposure to aquatic and terrestrial biota and thus are of regulatory interest. In a 
recent U.S. surface water monitoring study, fipronil and degradates were detected at a 
frequency of 21-84% in 38 streams studied, with median and maximum fipronil 
concentrations of 23.8 and 153 ng/L, respectively.105 Fipronil occurrences in fish tissue 
and in sediments of rivers, estuaries, and coastal embayments receiving discharged 
wastewater in California also have been established recently.6, 106 Fipronil and its 
degradates have endocrine disrupting properties107 and have been shown to impart 
toxicity toward sensitive non-target aquatic invertebrates and pollinators at low parts-per-
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trillion levels.33, 89-91 Fipronil degradates further have been shown to exhibit long 
environmental half-lives35, 36 and can exceed parental fipronil in toxic potency and 
bioaccumulation potential in many species.33, 37, 38 
At present, there exist no studies assessing the nationwide occurrence of fipronil 
and its degradates in the built U.S. water environment. Therefore, we conducted a 
nationwide longitudinal analysis of fiproles using sludges and influent-effluent samples 
collected across the contiguous United States between 2001 and 2016. 
Materials and Methods 
Sample Characteristics and Selection 
Archived sludge samples collected nationwide in 2001 and 2006/7 by the 
U.S.EPA, and in 2015/6 by our research team were obtained from the National Sewage 
Sludge Repository housed in the Biodesign Center for Environmental Security at Arizona 
State University.108 Wastewater (composite influent and effluent) samples were provided 
by 12 WWTPs voluntarily in 2015/6. Samples were made available under the condition 
of de-identifying participating WWTPs. Archived samples were stored at –20°C prior to 
analysis. Samples represented a spectrum of flow volumes treated, and wastewater and 
sludge processes employed. Additional information on participating facilities can be 
found in the Appendix C and elsewhere.108 
Sample Extraction and LC-MS/MS Analysis 
 Standards and reagents of the highest available purity were used (see Appendix 
C). Dried sludge samples (1 gram) spiked with 40 ng/g of isotope labeled 13C4 15N2 
fipronil, 13C4 15N2 fipronil sulfone, and 13C4 15N2 fipronil sulfide were subjected to 
 41 
organic solvent extraction as described previously.34, 103 Raw organic extracts were solid 
phase extracted (SPE) with florisil, and resultant cleaned up sludge extracts were 
analyzed by isotope dilution tandem mass spectrometry using a Shimadzu UPLC system 
connected to an ABSciex API 4000 operated in negative electrospray mode with multiple 
reaction monitoring (MRM) using two characteristic ion transitions for each target (see SI 
for details on liquid chromatography – Table C-1 and mass spectrometric parameters – 
Table S2). Unfiltered wastewater samples (500 mL) spiked with 40 ng of labeled isotopes 
were loaded on reversed phase SPE cartridge (Strata X), eluted with organic solvents, and 
analyzed as described previously.34, 103 Sludge and wastewater concentrations are 
reported in units of µg/kg dry weight and ng/L, respectively.  
Statistical Analysis 
A two-tailed t-test was performed (α = 0.05) to compare two datasets, and 
differences were determined at the p < 0.05 significance level. A non-parametric Mann-
Whitney U test was also performed and corresponding p values can be found in the 
Appendix C. 
Quality Assurance and Quality Control  
 Random replicate analyses were performed on 22% of samples analyzed yielding 
relative percent deviation (RPD) values averaging 20% ± 18%. Method detection limits 
(MDLs; sludge, 0.02-0.30 µg/kg dry weight; wastewater, 0.02-2 ng/L) were established 
using EPA methodology involving seven replicates.34 Method and instrument blanks 
included in each analytical batch showed no background peaks or analyte carry-over from 
prior runs. An evaluation of analyte loss due to sample storage involved repeat analysis 
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of 8 sludge samples over one year, showing no significant analyte loss (p = 0.680; two-
tailed, paired t-test). 
Geospatial and Nationwide Emissions Analyses  
 Geospatial data on the agricultural application of fipronil were obtained from 
United States Geological Survey (USGS) online database.109 Agricultural usage was 
calculated by averaging the EPest-high and EPest-low estimates; ±error on the 
agricultural usage represents high and low values.109, 110 Nationwide annual emissions 
from U.S. wastewater infrastructure were computed by multiplying corresponding mean 
detected concentrations with annual U.S. sludge generation and effluent discharged,28 
respectively (See Appendix C for details). Error values on the emission were 20% – 
equivalent to the average RPD established in the method validation.  
Results and Discussion 
Longitudinal Nationwide Fiprole Detection in Sludge 
Analysis of fiprole congeners (Figure 3-1-A) in a total of 109 sludges collected 
between 2001 and 2016 showed consistent presence of fipronil (0.04-191.8 µg/kg) and its 
major aerobic degradate, fipronil sulfone (0.1-208.6 µg/kg). Thus, fipronil and fiproles 
have been ubiquitous contaminants in U.S. wastewater for at least the past 15 years. The 
anaerobic degradate, fipronil sulfide, also was detected in 90% of the samples (0.9-149.2 
µg/kg). Fipronil amide and desulfinyl occurred less frequently (22% and 50%, 
respectively), and at relatively lower concentrations (0.2-18.7 µg/kg; refer to Table S3 for 
additional data on analyte concentrations and detection frequencies). Total fiproles were 
dominated by fipronil (22±19%; mean ± standard deviation) and its major degradates, 
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fipronil sulfone (45±11%) and fipronil sulfide (30±19%), whereas fipronil amide (1±3%) 
and fipronil desulfinyl (1±2%) were only minor contributors to the overall fiprole mass.  
Detected total concentrations of fipronil and its degradates expressed as fipronil 
equivalents ranged between 0.2 and 385.3 µg/kg (Figure 3-1-B). Individual t-tests 
showed that 2006/7 and 2015/6 concentrations were about 2.1-2.7 times higher than 2001 
levels (p < 0.05; Figure 3-1-B; See Table C-4 for individual p values). Total fiprole 
concentrations in U.S. sludge from 2006/7 and 2015/6 were not statistically different (t-
tests, p = 0.275). 
Usage Practices and Detection in Sludge 
During the 15-year observational period important changes occurred in U.S. 
agricultural use of fipronil. Data abstracted from the United States Geological Survey 
(USGS) database109 show a decline of nationwide agricultural usage of fipronil from 
~139,700 kg/y in 2001 down to ~3,100 kg/y in 2015 (Figure 3-2). During this period, 
fipronil application on corn was suspended and replaced mostly with two neonicotinoids, 
clothianidin and thiamethoxam. Yet, levels of total fiproles in U.S. municipal sludge (and 
by extension in wastewater) actually increased during this time by a factor of 2.1 to 2.7 
(Figure 3-1- Panel B). These data suggest that non-agricultural uses of fipronil in homes 
and urban areas are dominating inputs of fipronil into municipal wastewater (and 
ultimately into sewage sludge), and that sewage sludge does not reflect fipronil uses on 
agricultural land surrounding U.S. municipalities. To test this hypothesis, we selected 
sewage sludge samples for which matching information on regional fipronil applications 
in agriculture were available and performed a statistical analysis. Available data pairs 
included samples collected between 2006-2016. Of 74 sludge samples suitable for 
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entering this analysis, 23 originated from areas having experienced agricultural fipronil 
usage and 51 from areas lacking such usage. As can be seen in Figure 3-1-C, total fiprole 
concentrations in sludge were not statistically different when grouped by agricultural 
fipronil usage in the vicinity of the originating WWTPs (t-test, p = 0.215). Thus, results 
support the conclusion that non-agricultural usage is dominating fipronil levels in 
municipal sewage sludge and by extension municipal wastewater, and that regional 
agricultural fipronil uses exert no discernable change. 
Major non-agricultural applications of fipronil for structural termite control, for 
subterranean pest control and for domestic pet flea treatment have been established in 
prior works102-104 but no corresponding nationwide usage data are available to probe for 
the relative contribution of specific fipronil products to fiprole levels in municipal 
wastewater. Detected total concentrations of fiproles in sludge in different U.S.EPA 
regions for the time period from 2006 to 2016 are shown in Figure 3-2; (facilities studied 
from 2001-2016 are shown jointly to preserve the identity of participating WWTPs). 
Average sludge concentrations were two times higher in U.S.EPA Regions 1, 4, 5, and 7 
than in others (p < 0.05), which may be related to higher prevalence of fleas and ticks or 
pet ownership, but supportive demographic data are lacking to make this case.  
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Figure 3-1. Chemical structures of fipronil and its major degradates, jointly referred to as 
“fiproles” (A); longitudinal, nationwide concentrations of total fiproles in U.S. sewage 
sludge (B); fiprole abundance in sludge in regions featuring or lacking agricultural (ag) 
use of fipronil (C); molar distribution of fipronil and its degradates in U.S sewage sludge 
(D); and concentrations of total fiproles detected in sewage sludge subjected to different 
treatments (E);  Statistically significant differences are denoted by asterisks (p < 0.05); # 
denotes data from samples collected in 2006/7 and 2015/6.  
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Figure 3-2. Fipronil agricultural application (A);109 studied WWTPs in 2001-2016 (black 
circles), and detected mean sludge concentrations in U.S.EPA regions from 2006-2016 
(B). 
 
Agricultural Application
Detection in Sewage Sludge
Mean concentration of total 
fiproles in sludge, µg/kg dw
Fipronil applied, kg/county
A
B
100	Mt 28	Mt 4	Mt
2001 20152006
0-10 10-50 50-250 250-1000 1000-5000 
20-50 100-150
150-20050-100
2
1
3
4
5
7
6
8
9
10
# EPA region
Studied WWTP 
139.7 ± 33.5 MT 46.1 ± 16.8 MT 3.1 ± 0.6 MT
Total fiprole concentration in U.S. sludge collected from 2006-16, µg/kg dry weight sludge
EPA region 1 2 3 4 5 6 7 8 9 10
States
CT, ME, 
MA, NH, 
RI, VT
NJ, 
NY
DE, DC, 
MD, PA, 
VA, WV
AL, FL, GA, 
KY, MS, NC, 
SC, TN
IL, IN, 
MI, MN, 
OH, WI
AR, LA, 
NM, OK, 
TX
IA, KS, 
MO, NE
CO, MT, 
ND, SD, 
UT, WY
AZ, CA, 
HI, NV
AK, ID, 
OR, WA
min 134.1 0.2 35.9 7.3 21.8 36.4 15.3 10.4 4.9 4.2
mean 201.7 76.2 88.4 138.6 146.2 81.6 176.5 32.7 85.5 22.0
median 189.7 60.5 69.4 119.8 90.2 70.5 219.1 37.1 68.3 22.0
max 293.0 208.5 196.8 309.2 385.3 167.1 287.8 50.7 338.6 39.7
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Fate of Fipronil During Sludge Treatment 
 Previous studies have shown that wastewater treatment causes fipronil to undergo 
limited biotransformation to major degradates,34, 103 and results consistent with these 
observations are reported here for different sludge treatments. Before thickening and 
dewatering, sludge was either subjected to no digestion, chemical treatment (lime, ferric 
chloride, polymer addition), digestion by microorganisms in the presence of oxygen 
(aerobic digestion) or in the absence of oxygen (anaerobic digestion). In Figure 3-1, the 
molar distribution of fiproles is shown (Panel D) along with total concentrations detected 
in anaerobically digested sludges (n=58) and in sludges subjected to no or other 
treatments (n=51; Panel E). The latter category included no digestion, chemical 
treatment, and aerobic digestion. The molar distribution of fiproles in anaerobically 
digested sludge (average ± standard deviation; 16 ± 14% fipronil, 45 ± 11% sulfone, 38 ± 
17% sulfide, 1 ± 3% amide, and 1 ± 1% desulfinyl) differed from the group of sludges 
subjected to other or no treatment (29 ± 21% fipronil, 46 ± 11% sulfone, 22 ± 19% 
sulfide, 2 ± 3% amide, and 1 ± 2% desulfinyl) (Figure 3-1-D). For both categories, the 
speciation of fipronil and sulfide was statistically distinct (p < 0.05), with anaerobically 
digested sludge featuring relatively higher amounts of fipronil sulfide, echoing prior 
studies identifying the sulfide as a characteristic degradate arising during anaerobic 
biodegradation.34, 103 However, anaerobic digestion was not capable of lowering total 
fiprole concentrations (t-test comparison of data in Figure 3-1-E; p = 0.519). (Additional 
data and results from statistical analyses are presented in Figure C-2, C-3, C-4 and Table 
C-4, C-5 in the Appendix C.) 
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Fiprole Occurrence in Sludge as a Function of WWTP Size 
The relationship of treatment plant wastewater flow and fiprole concentrations in 
sludge was investigated (Figure C-5). Detected total fiprole levels showed no conclusive 
statistical differences when grouped either by sampling time or when analyzed jointly by 
size only (Figure C-5; t-test, p > 0.05; see Table C-4 for individual p values).  
Environmental Emission through Sludge Application  
The amount of sludge generated in the U.S. annually is about 12.56 million metric 
tons.28 At a mean concentration of total fiproles of 91.1 µg/kg dry weight, the amount of 
fiproles accumulated in sewage sludge will be around 1130 ± 230 kg/year in 2015/6, of 
which about 28% will be applied on land (See Appendix C for calculations).28 The 
U.S.EPA permitted and suggested maximum fipronil agricultural application rate for 
crops is 14.6 µg of active ingredient (ai) per m2 (0.13 lb. ai/acre) for single application to 
control corn rootworm and wireworms.111, 112 Typical agricultural application rates range 
between 2.5-14.8 µg of active ingredient (ai) per m2 (0.02-0.13 lb. ai/acre),113 with 
consideration that fipronil was not allowed to be applied directly in water or adjacent to 
surface waters. Typical annual agricultural application rates of U.S. sewage sludge are on 
the order of 1.1 to 5.6 kg per m2 (5 to 25 U.S. tons per acre).114, 115 At the high sludge 
application rate (5.6 kg per m2) and high fiproles sludge concentrations (95th percentile, 
290 µg/kg dry weight), reintroduction of fiproles in the agricultural environment through 
sludge would be about 1.6 µg ai per m2. This unintentional loading is 34% lower than the 
low-end agricultural application rates (See Figure C-6 for different scenarios).  
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Considering the long half-lives of fipronil and its degradates in soil (up to several 
hundred days),35, 36, 116 uptake of fiproles by agricultural products should be considered 
for risk assessment of applied biosolids. Further research should be conducted to 
determine leachability, half-life and transport of sludge-borne fiproles in agricultural 
settings, as it may have significant impact in terms of groundwater and surface water 
contamination and inadvertent uptake by aquatic and terrestrial biota.  
Environmental Emission Through Treated Effluent  
One hundred thirty billion liters of treated wastewater is discharged into U.S. 
surface waters daily,28 making fiprole congeners in effluent relevant for risk assessment. 
Aquatic invertebrates and pollinators are highly susceptible to fipronil and its degradates 
at ng/L levels.33, 89-91 Furthermore, the southern parts of the U.S. contain a high number of 
effluent-dominated ecosystems where toxic effects of effluent-borne fiproles could be 
significant. Analysis of 12 WWTPs showed raw sewage (influent) concentrations of total 
fiproles ranging between 1.7-132.5 ng/L (mean: 62.5 ng/L). Fate during wastewater 
treatment was driven by the filtration performed (during tertiary treatment) rather than the 
biological treatment. Effluent of WWTPs performing anthracite and sand bed filtration 
showed 52.8 to 99.7% fiprole removal (n=3); without such treatments, removal was 
insignificant (p=0.480; n=9; see Table C-6 for concentrations of fipronil and its 
degradates in WWTPs studied). These discharged effluent concentrations (0.3-112.9 
ng/L; mean: 41.4 ng/L) exceed the U.S.EPA established aquatic life benchmark for 
fipronil (11 ng/L)117 in 67% of cases. The total fiprole mass discharged in treated effluent 
was estimated to equal around 1820 ± 360 kg/year nationwide in 2015/6 (See Appendix 
C for calculations).  
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Fipronil was identified in the 2011 Biennial Review of 40 CFR Part 503 under the 
Clean Water Act section 405(d)(2)(C) in U.S. sewage sludge as a pollutant for regulation 
purposes.118  Fipronil and its degradates have been detected nationwide in 84% surface 
water bodies at a combined concentration of 0.02-190.1 ng/L (mean: 32.8 ng/L; median: 
17.6 ng/L), exceeding the U.S.EPA established 21-day chronic benchmark of fipronil for 
invertebrates in 37% of cases.105  The present study adds key information on the 
occurrence of fipronil by identifying WWTPs nationwide as major emitters of fiproles 
back into the environment and by emphasizing the importance for non-agricultural 
sources.102-104 These releases are unwanted and distinct from agricultural usage, for which 
programs for nationwide geospatial tracking of environmental releases are in place.109 In 
the last decade, assuming average steady loading during 2006-2016, 18.2 ± 3.6 metric ton 
of fipronil and its degradates have been discharged from U.S. WWTPs via treated 
effluent and 13.5 ± 2.7 metric ton have been accumulated/sequestered in biosolids. 
Considering the persistence, toxicity, and ubiquitous discharge of fipronil and its 
degradates from U.S. WWTPs, the data presented here should be of import to U.S. 
regulatory agencies.  
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TRANSITION 3 
 Imidacloprid and fipronil are ubiquitous contaminants of U.S. wastewater and 
sludges, as shown by the work documented in Chapters 2 and 3. This finding motivated 
further research into the usage practices of insecticides, particularly imidacloprid and 
fipronil. Prior work in this area has been limited by a lack of information on insecticides 
usage practices in the U.S.  
In Chapter 4, I expand on the existing body of data on insecticide occurrence by 
studying the occurrence of imidacloprid, fipronil and four major degradates of fipronil in 
U.S. wastewater and during passage through eight Northern California wastewater 
treatment plants. California was chosen for this study because it is the sole state tracking 
historical and current inventories of all major insecticides. In addition, fipronil had been 
identified as an emerging contaminant of concern for the San Francisco Bay Area. 
Sampling was performed during mid-week of September 2015 to avoid rainfall-related 
inflow and infiltration, so that the study would provide specific insight to indoor sources 
of insecticides. Treatment facilities studied were selected based on multiple factors, 
including higher discharge levels, geographic diversity, and range of treatment 
technologies. Non-filtered influent and effluent samples, as well as sludge samples were 
analyzed by the method of isotope dilution as described earlier. Wastewater influent was 
separated into aqueous phase and particulates, and both fractions were analyzed 
separately to determine the mass distribution and total mass loading of pesticides entering 
the WWTPs. Finally, sources were assessed related to urban uses of these pesticides 
based on a calculation of per-capita loading rates.
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CHAPTER 4  
PASSAGE OF FIPROLES AND IMIDACLOPRID FROM URBAN PEST CONTROL 
USES THROUGH WASTEWATER TREATMENT PLANTS IN NORTHERN 
CALIFORNIA 
ABSTRACT 
Urban pest control insecticides, specifically fipronil and its four major degradates 
(fipronil sulfone, sulfide, desulfinyl, and amide) and imidacloprid, were monitored during 
drought conditions in eight San Francisco Bay wastewater treatment plants (WWTPs). In 
influent and effluent, ubiquitous detections were obtained in units of ng/L for fipronil 
(13-88), fipronil sulfone (1-28), fipronil sulfide (1-5) and imidacloprid (58-306). In 
influent, 100% of imidacloprid and 62 ± 9% of total fiproles (fipronil and degradates) 
were present in the dissolved state, with the balance being bound to filter-removable 
particulates. Targeted insecticides persisted during wastewater treatment, regardless of 
treatment technology utilized (imidacloprid: 93 ± 17%; total fiproles: 65 ± 11%), with 
partitioning into sludge (3.7-151.1 µg/kg dry weight as fipronil) accounting for minor 
losses of total fiproles entering WWTPs. The load of total fiproles was fairly consistent 
across the facilities but fiprole speciation varied. This first regional study on fiprole and 
imidacloprid occurrences in raw and treated California sewage revealed ubiquity and 
marked persistence to conventional treatment of both phenylpyrazole and neonicotinoid 
compounds. Flea and tick control agents for pets are identified as potential sources of 
pesticides in sewage meriting further investigation and inclusion in chemical-specific risk 
assessments. 
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Introduction 
Over the last decade, two newer insecticides, fipronil and imidacloprid, have 
gradually replaced older active ingredients in common urban pest control applications 
like pet flea treatments and professional insect control products.75, 119 The phase-out of 
most organophosphate insecticides for urban uses in the early 2000s opened markets that 
soon were replaced with fipronil and imidacloprid formulations. Continued growth of 
urban uses is likely in the present decade due in large part to the replacement of 
pyrethroids, an older class of insecticides that are widely detected in urban streams and 
have come under scrutiny for adverse impacts to the health of aquatic invertebrates,120-123 
findings that triggered federal and state regulatory responses.124, 125 Fipronil, a 
phenylpyrazole insecticide, has multiple urban uses including sprays for the outdoor 
perimeter of buildings to control ants and other insects, underground injections to control 
termites, pet treatments for fleas and ticks, gels for crack and crevice treatment, insect 
control baits, and, except in California, landscape maintenance.119, 126, 127 Imidacloprid, a 
neonicotinoid insecticide, has urban applications in lawn and landscape maintenance, 
outdoor structural pest control, indoor bedbug and nuisance insect control, underground 
injections to control termites, and pet treatments for fleas and ticks.119, 128 Imidacloprid is 
also used as an insecticidal component of manufactured materials such as polystyrene 
insulation, vinyl siding, adhesives, sealants, textiles for outdoor uses, and pressure-treated 
wood decking.128-130  
Both pesticides are toxic to sensitive aquatic invertebrates at low part-per-trillion 
concentrations (<100 ng/L).19, 33 In 2007, the U.S. Environmental Protection Agency 
(U.S.EPA) established aquatic life benchmarks for fipronil (11 ng/L), as well as its 
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degradates fipronil sulfone (37 ng/L), fipronil sulfide (110 ng/L) and fipronil desulfinyl 
(590 ng/L) based on chronic exposure studies of multiple freshwater invertebrates.89 
Recently published invertebrate toxicity data show chronic effects to aquatic 
invertebrates at concentrations of 7-8 ng/L for fipronil sulfone and 9-11 ng/L for fipronil 
sulfide, lower than the U.S.EPA’s 2007 benchmarks.33 Fish appear to be less sensitive to 
fipronil and its degradates; U.S.EPA chronic aquatic life benchmarks for freshwater fish 
range from 6,600 ng/L for fipronil to 590 ng/L for fipronil desulfinyl.89 In 2008, the 
U.S.EPA established for imidacloprid an aquatic life benchmark of 1,050 ng/L based on 
chronic exposure studies of Daphnia magna.128 However, a recent summary of chronic 
toxicity data indicates that mayflies can experience effects like immobilization after long-
term exposure at concentrations of less than 100 ng/L, and that the majority of other 
invertebrates studied are 100- to 1000-times more sensitive to imidacloprid than D. 
magna.19 A more recent evaluation by the European Union of imidacloprid toxicity data 
has established a predicted no-effect concentration (PNEC) of 4.8 ng/L;131  this was based 
on species sensitivity distribution information incorporating recent toxicity data, such as 
the mayfly nymph immobilization EC10 value of approximately 30 ng/L.132 Fish are less 
sensitive to imidacloprid, as evidenced by the U.S.EPA fish chronic benchmark of 1.2 
mg/L.128 
Both fipronil and imidacloprid are commonly detected in urban streams.64, 123, 133 
For example, a survey of storm drains in California found median levels of fipronil to be 
33 ng/L in northern California and 76 ng/L in southern California; fipronil sulfone 
(medians 26 and 77 ng/L for northern and southern California, respectively) and fipronil 
desulfinyl (medians 15 and 41 ng/L for northern and southern California, respectively) 
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were also frequently detected.123, 133 Another California survey of urban surface waters 
measured maximum imidacloprid levels of 160 ng/L during the dry season, and 670 ng/L 
during the wet season.123 
For both of these pesticides, relatively few data are available concerning levels in 
urban wastewater before and after treatment. This data gap also exists for treated and 
untreated wastewater sludge, despite ubiquitous urban application of these pesticides, as 
well as the demonstrated presence of another group of popular urban insecticides, the 
pyrethroids, in treated wastewater and biosolids.134 Fipronil has been detected in treated 
wastewater discharged by nine of 25 U.S. wastewater treatment plants (WWTPs) (<10-70 
ng/L);30 six Florida WWTPs (16-110 ng/L);31 seven of nine Oregon and Washington 
municipal WWTPs (27-130 ng/L);32 two California WWTPs (<1-57 ng/L);33 and one 
southwestern U.S. WWTP (13-21 ng/L).34 Some of the facilities studied thus far treat a 
mixture of wastewater and urban runoff (CA, 1; FL, 6). Past measurements of influent 
and effluent suggested little if any removal of fipronil during typical wastewater 
treatment.30, 31, 33, 34 However, prior studies sometimes were limited by featuring about 
two to 50 fold higher method detection limits, failing to monitor all major fipronil 
transformation products or omitting analysis of suspended particulates that were removed 
by filtration or other treatment prior to analysis.30, 31, 33, 34 Presently available and still 
limited data on fipronil degradates suggest sporadic, low-level occurrence of fipronil 
desulfinyl as well as fipronil sulfone, sulfide, and amide in wastewater treatment flows. 
31-34 Fipronil and its degradates were also detected in two effluent dominated rivers in 
southern California during low flow conditions.135 Available data suggest that 
concentrations of fipronil in treated effluent frequently approach or exceed U.S.EPA
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chronic invertebrate aquatic life benchmark.34, 135  
Fipronil and its degradates, jointly referred to as total fiproles, feature logarithmic 
octanol-water partitioning coefficient (log KOW) values > 4. This characteristic enables 
them to sorb to particles in wastewater that settle during treatment, ultimately leading to a 
sequestration of fipronil-related compounds in sewage sludge and treated sludge deemed 
fit for application on land (biosolids). Two studies previously reported measurable 
concentrations of fipronil and degradates in this matrix.30, 34  
Likewise, few studies have examined imidacloprid in municipal wastewater. 
Imidacloprid was detected in <10% of treated effluent samples from 52 Oregon 
municipal WWTPs (202-387 ng/L), using a higher method detection limit of 200 ng/L; 
influent and biosolids were not sampled.29 Currently, there are no published studies 
reporting on measured imidacloprid levels in biosolids, possibly because the low log KOW 
value of imidacloprid (<1) does not suggest partitioning into sludge as an important 
process. Studies of imidacloprid in wastewater in China and Spain (where allowable uses 
may differ from those in the U.S.) suggest that typical treatment technologies may result 
in low removal of imidacloprid from the liquid phase prior to discharge into receiving 
waters.136, 137 A study of an effluent-dominated waterway in Iowa indicated that treated 
wastewater can introduce imidacloprid to receiving waters.64 
In the present study, we explored the presence of fipronil, its four major 
degradates, and imidacloprid in urban wastewater before and after treatment, providing 
the first regional set of data for WWTPs across varying treatment technologies. 
Furthermore, to add to still limited literature data, we also analyzed sludges from the 
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sampled plants for insecticide occurrence. Finally, we assessed sources related to urban 
uses of these pesticides. 
Materials and Methods 
Standards and Reagents 
High performance liquid chromatography (HPLC) grade organic solvents 
(methanol, acetone, methylene chloride, and hexane) and water were purchased from 
Sigma-Aldrich Corp. and Thermo Fisher Scientific, respectively. Analytical standards of 
imidacloprid, fipronil, fipronil-desulfinyl, and deuterated labeled standard [d4] 
imidacloprid were obtained from Sigma-Aldrich Corp. Analytical standards of fipronil 
sulfide, –sulfone, and –amide were obtained from Bayer and BASF. Labeled [13C215N2] 
fipronil and [13C415N2] fipronil sulfone were bought from Toronto Research Chemicals 
and Cambridge Isotope Laboratories, Inc., respectively. Stock solutions of analytical 
standards were prepared in acetonitrile and stored at -20˚C.  
Sample Collection 
Single 24-hour composite samples of influent and effluent were collected from 
each of eight facilities that discharge to San Francisco Bay. Facilities that provided 
samples were selected based on multiple factors, including higher discharge levels, 
geographic diversity, and range of treatment technologies (secondary only vs. tertiary 
filtration; Table 4-1). As a consequence of drought-related water use restrictions, 
facilities were operating well below capacities (Table 4-1). One facility sampled serves 
only a large airport and the associated operations. 
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The remaining seven locations, representative of more typical municipal WWTPs, 
had per capita daily influent flows of 235 – 302 L per person per day. Autosamplers at all 
facilities provided flow-weighted composite samples, with the exception of the San José-
Santa Clara influent compositer, which provides a flow-weighted composite of six 
subsamples collected regularly throughout the 24-hour period. Wastewater recycling, 
including reverse osmosis treatment of <10% of San José-Santa Clara facility secondary 
effluent, reduces effluent flow. Reverse osmosis recycling returns a concentrate that is 
mixed with effluent prior to discharge. The sampling location includes the returned 
concentrate volume represents roughly 2% of total effluent volume.  
Influent, effluent, and dewatered/treated sludge samples were collected 
simultaneously during mid-week of September 2015. The San Francisco Bay region is 
subject to a mild, Mediterranean climate; September is within the dry season, and was 
specifically selected as an appropriate period of study to avoid rainfall-related inflow and 
infiltration. Inflow of urban runoff would include fiproles and imidacloprid; by excluding 
runoff as a potential source, the study design allows specific insight as to indoor sources. 
Of note, none of the facilities typically treat stormwater. The mild climate in this coastal 
region also allows fleas to flourish year-round,138 motivating continued residential use of 
flea control pesticides. Wastewater samples were collected in 2 L amber glass jars to 
which biocide Kathon CG/ICP (for more information see Appendix D) and sodium 
thiosulfate were added for disinfection and preservation. Sludge samples were collected 
in one-half L amber glass jars. Wastewater samples were refrigerated at 4oC and analyzed 
within 10 d of collection, and sludge samples were stored at –20oC until extraction.  
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Table 4-1. Characteristics of wastewater treatment plants and processes monitored in this 
study.  
WWTP 
population 
served, 
thousands 
wastewater treatment 
sludge 
treatment 
influent 
Flow, 
MGD 
primary secondary disinfection advanced 
SFTP * PS SBR, Cl2 - AD 0.45 
PARP 220 PS FFR, AS UV F NT 16.86 
SJSC 1400 PS AS Cl2 F AD 92.76 
SLWP 55 PS FFR, AS Cl2 - AD 4.15 
SMWP 140 PS AS Cl2 F AD 9.02 
EBMUD 650 PS AS Cl2 - AD 45.00 
FSSD 139 PS AS UV F AD 11.21 
CCSD 471 PA, PS AS UV - NT 29.27 
PS, primary sedimentation; PA, pre-aeration; SBR, sequential batch reactor; FFR, fixed 
film reactor; AS, activated sludge; F, filtration; Cl2, chlorine disinfection; UV, 
ultraviolet disinfection; AD, anaerobic digestion; NT, no treatment; MGD, million 
gallons per day; HRT, hydraulic retention time; inf, influent; eff, effluent; WWTP, 
wastewater treatment plant; *, 56 million people annually pass through airport facilities; 
SFTP, San Francisco International Airport Commission Mel Leong Treatment Plant; 
PARP, City of Palo Alto Regional Water Quality Control Plant; SJSC, San Jose-Santa 
Clara Regional Wastewater Facility; SLWP, San Leandro Water Pollution Control Plant; 
SMWP, City of San Mateo Waste Water Treatment Plant; EBMUD, East Bay Municipal 
Utility District Wastewater Treatment Plant; FSSD, Fairfield-Suisun Sewer District 
Wastewater Treatment Plant; CCSD, Central Contra Costa County Sanitary District 
Treatment Plant. 
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Extraction of Influent Solid and Biosolids Samples.  
Wastewater influent was separated into aqueous phase and particulates and 
analyzed separately to determine the distribution and total mass loading of pesticides 
entering the WWTPs. For this purpose, influent samples were centrifuged at 3000g for 5 
minutes and settled particulates were dried under a gentle stream of nitrogen. Analyte 
extraction of solids from influent and of biosolids was performed using established 
protocols.34, 139 One gram of nitrogen dried solid samples were spiked with 20 ng of 
labeled [13C215N2] fipronil, [13C415N2] fipronil sulfone, and 200 ng of labeled [d4] 
imidacloprid, extracted with 10 mL acetone, twice, by 24 hours of shaking, followed by 1 
hour of sonication. Later, extracts were centrifuged, supernatants were nitrogen-dried, 
reconstituted to 2 mL hexane, and florisil cleanup (solid phase extraction with a sorbent 
bed containing mixture of magnesium oxide and silica gel) was performed. Analytes 
were eluted successively from florisil cartridge (Sep-Pak Vac Florisil Cartridge 6 cc 
containing 1 g of sorbent, Waters Corporation, Milford, MA, USA) with 4 mL methylene 
chloride and 4 mL acetone. Later 1 mL of each extract was mixed, evaporated with 
nitrogen, and reconstituted to 1 mL of water and methanol solution (50:50, v/v) for 
fipronil and its degradates (sulfone, sulfide, and amide). Similarly, extracts were mixed, 
dried and reconstituted to 1 mL of hexane for fipronil desulfinyl; and 1 mL of water, 
methanol, and formic acid solution (80:20:0.1, v/v/v) for imidacloprid analysis. 
Extraction of Wastewater Samples.  
Wastewater extraction protocol was similar as described in previous studies.34, 139 
20 ng of labeled [13C215N2] fipronil and [13C415N2] fipronil sulfone, and 200 ng of labeled 
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[d4] imidacloprid were spiked to 500 ml wastewater sample. Later samples were loaded 
on a cartridge having reverse-phase functionalized polymeric styrene divinylbenzene 
sorbent (Strata X & XL, 500 mg/3 mL, Phenomenex, Torrance, CA, USA) using an 
automatic solid-phase extraction instrument (Dionex AutoTrace 280, Thermo Scientific, 
Waltham, MA, USA) at a constant flow rate of 2 mL/min. Cartridges were eluted with 8 
mL of methanol and formic acid mixture (95:5, v/v). Extracts were dried and 
reconstituted similarly to solid samples and prepared for analysis by chromatography 
separation and tandem mass spectrometry.  
Chromatography Separation and Tandem Mass Spectrometry 
Imidacloprid, fipronil and degradates except fipronil−desulfinyl were separated 
by liquid chromatography and detected and quantified by electrospray ionization−tandem 
mass spectrometry (LC−ESI−MS/MS). Liquid chromatography mass spectrometric 
analyses were performed using a Shimadzu Prominence HPLC (Shimadzu Scientific, 
Kyoto, Japan) coupled to an ABSciex API-4000 MS/MS (Applied Biosystems, 
Framingham, MA). Liquid chromatographic separation was achieved by an XBridge C8-
column (3.5 µm particle size, 2.1 × 100 mm; Waters Corporation, Milford, MA). The 
injection volume was 50 µL. For fipronil and its degradates, the mobile phase consisted 
of water and methanol at a total flow rate of 0.2 mL/min with a total runtime of 10 min. 
The binary gradient consisted of 40% methanol with a 5-min ramp of 10% solvent 
content increase min-1 to 95% methanol, where it was held for 3.5 min. For imidacloprid, 
the mobile phase consisted of 0.1% formic acid in water and methanol at a total flow rate 
of 0.2 mL/min with a total run time of 12 min. The binary gradient consisted of 20% 
  
62 
methanol with a 6-min ramp of 16.7% solvent content increase min-1 to 95% methanol, 
where it was held for 3.5 min.  
The electrospray ionization probe was operated in negative mode for fipronil and 
its degradates, and in positive mode for imidacloprid. Multiple reaction monitoring 
(MRM) was used for qualitative analysis. Fipronil−desulfinyl was analyzed using a gas 
chromatography electron impact tandem mass spectrometry (GC−EI−MS/MS) as it 
exhibited a considerably lower detection limit than LC−MS/MS (See Appendix D). 
Quality Assurance and Quality Control  
For every 5 samples analyzed, 1 method blank was included in the analytical 
batch. Matrix spike and matrix spike duplicates were performed at a frequency of 1-in-4 
and 1-in-6 for wastewater and solids, respectively. Replicate analyses were performed at 
a frequency of 1-in-3 and 1-in-5 for wastewater and solids, respectively, to determine 
relative percent deviation (RPD). Field duplicates (blind samples) also were collected and 
analyzed for all analytes for quality assurance. Every shipment of samples included one 
field/trip blank to judge the integrity of sample handling and shipping.  
Method Performance 
The tandem mass spectrometry method targeted analytes by monitoring two ion 
transitions. Mass spectrometry parameters optimized for multiple reaction monitoring 
(MRM) are provided in Appendix D, Table D-1. Method detection limits of analytes in 
wastewater ranged from 0.1 to 0.8 ng/L and in sewage particulates from 0.1 to 1.1 µg/kg 
dry weight (Appendix D, Table D-2).34, 139 Relative percentage difference (RPD) values 
determined for the studied analytes in samples and in the corresponding duplicates (lab 
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and field duplicates) averaged 11 ± 12%. Absolute recoveries (average ± standard 
deviation) of analytes in all matrix spike and matrix spike duplicate samples were 58 ± 
30% and relative recoveries (isotope corrected) were 98 ± 10%. Field blanks and method 
blanks included to monitor for post-sample collection contamination showed no 
detectable levels of analytes.  
 
Results and Discussion 
Detection of Fipronil and its Degradates in Wastewater Treatment Streams 
Fipronil, fipronil sulfone, and fipronil sulfide were detected with 100% detection 
frequency (DF) in all influent and effluent samples of eight WWTPs analyzed (Figure 4-
1; Appendix D, Table D-3, D-4). Fipronil amide, a product of fipronil hydrolysis, was 
absent in all influent samples (< 0.3 ng/L), but was detected in effluent samples of seven 
out of eight WWTPs, suggesting hydrolysis took place primarily during biological 
treatment. The photolysis degradate fipronil desulfinyl was detected only in one influent 
sample, consistent with indoor sources and the region’s entirely underground wastewater 
collection system, and only in the same WWTP’s effluent even though three of the 
WWTPs performed ultraviolet disinfection. In all WWTPs examined, fipronil and 
fipronil sulfone were the most prevalent fiproles by concentration. In the aqueous phase 
of influent and effluent samples, fipronil concentrations ranged between 8.6-74.9 ng/L 
and 14.3-48.6 ng/L, respectively, and fipronil sulfone concentrations ranged between 1.1-
11.9 ng/L and 1.1-16.3 ng/L, respectively. For six out of the eight WWTPs studied, 
sulfone concentration in the effluent was greater than the aqueous phase influent 
  
64 
concentration (Figure 4-1). Fipronil sulfide, amide, and desulfinyl concentrations were 
less than 5 ng/L.  
Though WWTPs studied performed a variety of treatment processes (Table 4-1), 
fipronil persistence was roughly comparable across all treatment regimes. Paired t-test 
with p=0.95 revealed the total molar concentration of all fipronil related compounds in 
aqueous phase influent and effluent at all eight WWTPs to be statistically 
indistinguishable; however, it should be noted that the sampling strategy was not 
designed to account for HRT of treatment trains, and instead was meant to yield an 
average concentration over a 24-h time period.  
 
Figure 4-1. Detected concentrations of fipronil and its degradates (ng/L) in eight 
wastewater treatment plants in northern California. Red horizontal lines indicate 
published chronic toxicity values for Chironomus dilutus, a freshwater invertebrate. 
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Distribution of Fipronil and its Degradates in Wastewater 
Previous studies have analyzed wastewater samples by filtering or by analyzing 
supernatants.30, 31, 33, 34 As fipronil and its degradates have log KOW values of > 4 (Table 
D-2), there will be considerable mass bound to the particulate fraction, unassessed by 
previous studies of influent. Among all eight WWTPs studied, the majority of fipronil 
(76 ± 8% by mass) was present in the aqueous phase (Figure D-1). However, for fipronil 
sulfone, 66 ± 7% of the mass was particulate bound. Fipronil sulfide, the anaerobic 
degradate, was present in the particulate fractions of all influent samples but not detected 
in the aqueous phase (MDL = 0.2 ng/L). Of note, the molar distribution of fiproles in the 
influent phases likely reflects biotransformation in the sewer as well as physical 
partitioning and potential other, non-hydrophobic interactions. Individual mass 
distributions of fipronil and its degradates in all influent samples is provided in Table D-
5. Sixty-two ± 9% of the total molar mass of fiproles was present in the dissolved phase, 
and a considerable fraction (38 ± 9%) was particulate bound, which reflects the 
intermediate log KOW values of fipronil and its degradates. Measured concentrations in 
different phases of analytes are provided in Table D-3 and D-4. As effluent samples 
featured low TSS values between <1 - 20 mg/L, extraction and analysis of particulates 
from effluent was not feasible; however, considering the low particulates in treated 
effluent, calculations suggest that the sorbed mass of fipronil related compound on 
effluent particulates was less than 0.75% total. Among all eight treatment facilities 
studied, the molar distribution of fipronil and its degradates differed by treatment stream 
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and matrix, but there were general trends seen consistently across all WWTPs 
investigated (Figure 4-2).  
 
Figure 4-2. Molar distribution of fipronil and its degradates in treatment streams of eight 
wastewater treatment plants. Error bars indicate standard deviation or min/max values 
when only two measurements were available (i.e., for untreated sludge).  
In influent, significant differences in the molar distribution of fipronil and its 
degradates were evident within the aqueous versus particulate phases. Aqueous phase 
influent was composed of 86 ± 3% fipronil and 14 ± 3% of sulfone. In particulates, the 
molar distribution of fipronil, sulfone, and sulfide were 44 ± 4%, 46 ± 8%, and 9 ± 8%. 
Total influent was comprised of 70 ± 3% fipronil, 26 ± 4% sulfone, and 4 ± 4% sulfide. 
Individual molar distributions for each influent sample are provided in Table D-5. 
Discharged effluent, on average, carried fiproles distributed in the following way: 74 ± 
6% fipronil, 18 ± 6% sulfone, 4 ± 1% sulfide, 3 ± 2% amide, and 1 ± 1% desulfinyl. The 
total fiprole loading-at-eight-wastewater-treatment-plants-in-pico3mol/L
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small variability observed in the molar distribution in effluent from different treatment 
plants also suggests that the proportion of the fipronil and its degradates is not strongly 
influenced by factors like unit operations, hydraulic retention time (HRT), and sludge 
age.  
Fate of Fipronil and its Degradates in Wastewater and Comparison with Previous 
Studies 
On a molar concentration basis, 65 ± 11% of the sum of fipronil and its 
degradates entering each facility (considering both aqueous and particulate phases of 
influent) was measured in effluent. As mentioned earlier, aqueous phase influent 
contained 62 ± 9% of the total fiprole loading, also suggesting no significant removal 
from the aqueous phase during treatment, with reductions largely due to fiprole removal 
via partitioning to settleable particulates from the waste stream. Detected total 
concentration (aqueous phase + sorbed phase) of this study, marked “California 2015” 
are compared with previous studies in Figure 4-3. Influent and effluent of the same eight 
WWTPs was analyzed by the California Department of Fish and Wildlife’s Water 
Pollution Control Laboratory in fall 2014 at the behest of the Regional Monitoring 
Program for Water Quality in San Francisco Bay; however, the method of isotope 
dilution was not employed; furthermore, neither sludge samples nor imidacloprid were 
analyzed for, and samples were filtered prior to analysis. Therefore, data obtained in the 
2014 study do not account for fipronil mass sorbed to wastewater particulates. The 
corresponding results are listed in Figure 4-3 as “California 2014,” and concentrations 
detected are provided in Table D-6. A comparison of concentrations and detection 
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frequency of other studies shows the northern California data to be mostly consistent with 
those of prior work in different geographic regions (Figure 4-3). A study in the 
southwestern U.S. is excluded from the comparison in Figure 4-3, as it studied fipronil 
and its degradates in only a single facility.34 
 
Figure 4-3. Concentrations of fipronil and its degradates in wastewater samples from 
eight California wastewater treatment plants (this study) contrasted with data from past 
studies. Years correspond to sampling period. DF = Detection frequency of compound in 
process flow.  
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Accumulation of Fipronil and its Degradates in Solids 
Six out of eight treatment facilities performed anaerobic digestion of excess solids 
to produce treated sludge, whereas the remaining two facilities incinerated wastewater 
sludge after dewatering. The molar distribution of fipronil and its degradates in solids 
was consistent among WWTPs, but differed between anaerobically digested (biosolids) 
and untreated sludge (Figure 4-2). Raw excess sludge had 51 ± 5% fipronil, 43 ± 2% 
sulfone, 5 ± 2% sulfide, and 1 ± 1% amide, a molar distribution resembling that observed 
for influent-borne particulates (Figure 4-2). In anaerobically digested sludge, the molar 
distribution was different, with the anaerobic degradate fipronil sulfide accounting for 35 
± 11% and fipronil for only 8 ± 4% of all fiproles, indicating biotransformation of 
fipronil due to the treatment. The molar distribution of fipronil sulfone (56 ± 9%) and 
amide (2 ± 1%) was somewhat similar to that of untreated sludge. Individual molar 
distributions for solids from each WWTP are provided in Table D-5. 
Fipronil (0.2-44.1 µg/kg) and the sulfone (1.6-91 µg/kg) and sulfide (0.7-60.3 
µg/kg) degradates were detected with 100% DF, and fipronil amide was detected with 
88% DF (Figure 4-4). In the digested sludge produced by six of the eight WWTPs, 
concentrations of the fipronil degradates sulfone and sulfide were considerably higher 
than those of the parent compound; this stands in sharp contrast to the composition of the 
(undigested) sludges produced in two facilities utilizing dewatering and incineration. 
Fipronil desulfinyl was not detected in any of the sludges. Only two prior studies have 
detected fipronil in sludge or biosolids. One studied fipronil only in sludge samples of 25 
facilities nationwide,30 and another studied fipronil and its degradates in a single facility 
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performing anaerobic digestion for solids treatment.34 Detected total fipronil 
concentrations in these studies ranged between 3-180 µg/kg, which is comparable to the 
levels observed here (3.7-151.1 µg/kg as fipronil).  
 
Figure 4-4. Concentrations of fipronil and its degradates detected in sludge samples 
obtained from eight wastewater treatment plants in northern California in 2015. 
Highlighted in red italics are facilities not performing anaerobic treatment. In the plot, 
amide concentrations (highlighted blue) correspond to the secondary Y-axis.  
Detection of Imidacloprid in Wastewater Treatment Streams 
Imidacloprid was detected with 100% DF in all influent (58.1-306.1 ng/L) and 
effluent (83.8-305.2 ng/L) samples, and was never detected in any of the sludge samples 
from the eight WWTPs examined (Figure 4-5; Table D-7). In influent, imidacloprid was 
only detected in the aqueous phase, and was not detected on sewage particulates. While 
the WWTPs studied employed different treatment processes (Table 4-1), the occurrence 
post-treatment of imidacloprid was a phenomenon extant at all facilities. Although 
sampling did not account for HRT, effluent concentrations accounted for 93 ± 17% of the 
loading arriving at the WWTPs on a concentration basis. Thus, none of the diverse 
treatment processes sampled was effective at imidacloprid removal. At the SFO plant, 
WWTP Fipronil sulfone sulfide amide
SFTP 0.2 1.6 1.8 0.1
PARP 11.4 9.0 0.7 <0.1
SJSC 0.5 9.1 4.3 0.4
SLWP 8.8 85.0 32.3 1.0
SMWP 17.7 91.0 43.0 1.4
EBMUD 5.6 71.0 60.3 1.4
FSSD 13.9 65.5 24.8 1.4
CCSD 44.1 42.2 5.5 1.4
FdesulfinylHwasHnotHdetectedHatHdetectionHlimitH
ofH0.3Hμg/kgHdryHweightH(dw).
0
20
40
60
80
100
Fipronil sulfone sulfide amide
0
0.5
1
1.5
2
0
0.5
1
1.5
2
Fipronil sulfone sulfide
co
nc
en
tra
tio
n,
 u
g/
kg
.
.
0
0.5
1
1.5
2
Fipro sulfon sulfide a id
co
nc
en
tra
tio
n,
 u
g/
kg
C
on
ce
nt
ra
tio
n,
Hμ
g/
kg
Hd
w
  
71 
imidacloprid concentrations in effluent were about three times higher than influent levels, 
suggesting inconsistent loading into this facility that provides sanitary services to a major 
U.S. airport. Alternate explanations could not be supported with available evidence.39 
Higher effluent concentrations than influent were not suggested to result from signal 
suppression due to matrix effects during the LC-MS/MS detection, as an isotope dilution 
method was used. Furthermore, proper sample preservation measures were taken and no 
rainfall events occurred during the sampling event. Thus, the most likely reason for the 
observation was inconsistent loading at the treatment facility, particularly given the 
sampling strategy was not designed to account for the HRT of the treatment train. When 
excluding this facility from the analysis, a two tailed paired t-test for the remaining seven 
plants revealed that influent and effluent concentrations were statistically 
indistinguishable (p=0.49; 95% confidence level), supporting the conclusion of pass-
through of imidacloprid. 
Levels of imidacloprid in effluent of northern California facilities determined in 
this study are generally higher than those observed in a recent assessment of 12 WWTPs 
from across the U.S., which reported a concentration range of 18.5-146.4 ng/L, a dataset 
included in Figure 4-5.139 An earlier study of effluent from 52 Oregon WWTPs found a 
relatively low level of detection (9.8% DF); effluents with detectable imidacloprid had 
levels in the range 202-387 ng/L (Figure 4-5).69 A limit of quantification of 200 ng/L,29 
significantly higher than the MDL of this study (0.6 ng/L), may account to some extent 
for the difference in results observed. Higher overall concentrations and detection 
frequencies in effluent from northern California may reflect regional, seasonal and/or 
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climate-related differences from other sampled facilities, such as lower dilution due to 
drought-related water use reductions, presence of pests during all seasons due to the mild 
coastal climate, and pesticide use responding to regional pest pressures (e.g., high flea 
populations in California coastal areas),138 suggesting the value of understanding regional 
and seasonal factors to inform estimates of the potential loading of imidacloprid in 
wastewater.  
 
Figure 4-5. Detected concentrations of imidacloprid (ng/L) in eight wastewater treatment 
plants in northern California and summary of data from previous studies. Dashed blue 
horizontal line indicates European Union freshwater PNEC value. 
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typical municipal WWTPs in the study, the measured per capita influent loads expressed 
in nanomoles per person per day, for fiproles (54±9 nmol/person*day, mean ± standard 
deviation) and imidacloprid (190±80 nmol/person*day) were relatively consistent. The 
concentration of contaminants in wastewater influent can vary by several orders of 
magnitude over the course of a single day for a single analyte, so a low variability in 
daily per-capita load suggests a larger number of ubiquitous sources rather than episodic 
concentrated sources.39 While episodic discharges from spills, cleanup, or improper 
disposal of a pesticide are possible, such an event was not likely captured during this 
sampling event, as evidenced by similar per capita influent loads at all WWTPs.  
 
Figure 4-6. Conceptual model for sources of fipronil and imidacloprid in municipal 
wastewater. Dashed lines denote pathways believed to be relatively small in this study. 
Uses without a clear pathway (e.g., containerized baits) and with unlikely pathways (e.g., 
air transport and deposition), are excluded from the figure. 
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As regulated pesticides, fipronil and imidacloprid have limited indoor uses in 
California: pet flea control, crack and crevice treatments intended for out of the way 
locations, and containerized bait stations.119, 126 All uses are considered unlikely to entail 
discharges to the sewer system.127, 128 A simple conceptual model (Figure 4-6) clarifies 
potential pathways between fipronil and imidacloprid use and the sewer system and 
facilitates examination of the potential importance of each discharge source. While no 
fipronil and imidacloprid products, for either indoor or outdoor use, are designed to be 
directly discharged to indoor (sewer) drains, actions after use, such as bathing pets treated 
with flea control products, washing hands and other surfaces that come in contact with 
treated areas or pets, or wet mopping treated indoor areas, provide indirect pathways for 
introduction of both pesticides to the sewer. Outdoor-use pesticides can enter sewer 
systems through cleaning of surfaces containing pesticides tracked indoors by pets and 
humans after outdoor applications. Leaching into sewer lines (which are not water tight) 
during underground building treatments is another possible pathway. However, leaking 
sewer laterals as a pathway would vary as a function of age of building sewer 
infrastructure. Drinking water supply may potentially be a source for contaminants. 
Although imidacloprid and fipronil concentrations have not been reported in any of the 
diverse water systems serving the seven WWTPs, there is no or very limited agricultural 
and urban influence on drinking water sources for all but two of the WWTPs (Table D-8).  
The low variability of per capita influent loads in the seven municipal WWTPs, despite 
differing building sewer infrastructure ages and differing water sources, renders tap water 
an unlikely or minor source that nevertheless deserves future investigation. A third 
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indirect source – human waste – has been verified for imidacloprid, which is known to be 
present in human urine,80 but is only suspected for fipronil based on rat oral exposure 
studies where most fiprole mass was excreted in feces.140 As noted above, episodic 
discharges from spills, cleanup, and improper disposal are likely small pathways, given 
the low data variability.  
An examination of potential pathways suggests that pet flea treatments may be the 
primary source of both pesticides in WWTP influent. Pet flea treatments have a typical 
concentration of 9.8% fipronil and 9.1% imidacloprid; single pet applications involve 
0.07-0.4 g fipronil or 0.04-0.4 g imidacloprid. In contrast, the only other type of 
uncontainerized indoor treatments – crack and crevice applications – entails pesticide 
concentrations of 0.05% or less. Even the highest concentration (0.05%), professional-
sized (33g) fipronil crack and crevice product on the market contains <0.02 g fipronil; 
40-1,200 of these crack and crevice products would need to be emptied directly into the 
sewer daily to achieve the influent fipronil load at the seven typical municipal WWTPs 
sampled (see Appendix for calculations). 
The transport of pesticides indoors from outdoor applications has been well 
documented and fipronil is nearly omnipresent in indoor residential dust.92, 141 Reported 
concentrations were >20 times higher in households owning a dog treated with fipronil-
containing spot-on products than those without treated pets,92 suggesting residues 
associated with flea treatments for pets are more significant than residues tracked indoors 
from outdoor applications.  
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Dog and cat ownership in the US is 0.24 and 0.27 per capita, respectively,16, 142 
and survey data indicate that 75% of dog and cat households use a flea/tick product.143 
The prevalent use of flea and tick treatment is consistent with ubiquitous rather than 
episodic source. Residues associated with pet products may be transferred to companions 
or indoor spaces or may be transported directly down the drain through bathing.95 
Washing surfaces and materials that have come in contact with and accumulated 
pesticides, such as companion hands, pet bedding and companion clothing, represent 
indirect pathways of pesticides to wastewater.  
A 2012 study that quantified the mass of fipronil transferred to cotton gloves 
worn while owners petted their dogs for two minutes reported levels of 5,600 µg 24 hours 
post-application, declining to 220 µg at two weeks, and 76 µg at four weeks, which 
coincides with recommended re-treatment.95 To evaluate flea and tick treatments as a 
potential indirect source to wastewater, the daily influent loads measured at the WWTP is 
converted to mass per dog per day. Assuming fipronil has a 30% market share, each 
fipronil-treated dog would provide 300 µg/day, suggesting (by comparison to the above 
hand transfer quantities) that hand washing and other indirect transfer could be a large 
source (see SI for calculations). Since flea treatments remain on pet fur for weeks after 
treatment,95 dog washing may result in an even greater proportion of applied pesticide 
discharging to the sewer system. Although comparable studies are not available for 
imidacloprid, the similarity of use patterns suggests comparable pathways. Imidacloprid’s 
higher solubility may result in a larger portion washing off during bathing.  
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The results for the San Francisco airport WWTP, which has no on-site residential 
or animal populations, were the lowest reported influent concentrations for both analytes, 
with a mid-range effluent concentration for imidacloprid compared to the other WWTPs 
evaluated. Airport facilities managers report no professional applicator use of 
imidacloprid, and fipronil is only applied via containerized baits and gels. This suggests 
that indirect pathways from off-site use are the major source, but does not eliminate the 
potential for discharges associated with non-professional use of retail products. Transport 
of pesticides through hand washing, introduction of human waste of the airport’s 
transient population, and discharges associated with retail product use could contribute 
the relatively small influent loads (fiproles - 79 µmol/d; imidacloprid - 400 µmol/d) 
received at this unique WWTP. Available retail products contain similar mass as the total 
daily load (fiproles – 38 µmol /container; imidacloprid – 878 µmol/container). 
Environmental Implications 
Several studies have demonstrated that organic micropollutants (such as 
pharmaceuticals, personal care products (PPCPs), and household pesticides) and their 
degradates persist through conventional wastewater treatment.45, 46, 144, 145 Wastewater 
effluents flow continuously into diverse freshwater and saltwater aquatic environments, 
creating continuous ecosystem exposure to entrained pollutants. The potential for 
pesticides in wastewater effluents to cause adverse effects on aquatic species depends not 
only on their concentrations, but also on site-specific factors at the discharge point such 
as dilution (if any), presence of substances that may alter bioavailability or toxicity (e.g., 
dissolved organic carbon), and presence of other toxicants with cumulative toxic effects. 
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Water available to dilute effluents may already contain both fipronil-related compounds 
and imidacloprid from upstream sources.64 Partitioning and fate in the receiving water 
can have long-term implications not revealed solely by effluent pesticide concentrations, 
a possibility for fipronil and its degradates, which are likely to partition into sediment 
based on log KOW values > 4 (Table D-2).  
A direct comparison of fiprole and imidacloprid concentrations in these effluents 
to established chronic toxicity reference values33, 131 suggests a potential for harm to 
aquatic species, meriting further investigation. Prior work has shown that for the majority 
of freshwater macroinvertebrates, fipronil degradates are more toxic than fipronil;21 these 
findings were not available when the U.S.EPA established its aquatic life benchmarks in 
2007.89 Comparison of detected concentrations with 96-hour EC50 values for 
Chironomus dilutus is shown in Figure 4-1. It can be seen that degradate (fipronil 
sulfone, sulfide, and amide) concentrations in effluent were increased relative to influent 
as a result of the treatment. Therefore, change in fiprole distribution did not result in a 
marked decrease in toxicity and potentially may have increased toxicity for seven out of 
the eight WWTPs (See Table D-9 for calculation). A similar conclusion was reached in a 
prior study on a WWTP discharging into a freshwater environment.34 However, these 
toxicity thresholds are derived from data for freshwater organisms in laboratory 
conditions, and thus may not accurately reflect potential risks in an estuarine environment 
like San Francisco Bay. This study did not include measurement of the toxicity or 
bioavailability of the effluent-borne insecticides to downstream biota. At present, there is 
a lack of toxicity data on susceptible receptor organisms in these saltwater settings. As a 
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result, appropriately protective thresholds such as PNECs have not been established for 
saltwater environments, thus demanding further investigation.  
Other factors specific to San Francisco Bay may inform an evaluation of the 
potential impacts of effluent discharges containing these pesticides, particularly as 
findings from this study suggest existing treatment technology appears to be unable to 
significantly remove these pesticides. For example, effluents discharged in the 
southernmost regions of the Bay experience less dilution and oceanic exchange than 
effluents discharged in more central locations. Effluents are not the only pathway for 
these pesticides to enter San Francisco Bay; other studies have detected fipronil and 
imidacloprid in the region’s urban creeks and stormwater discharges.33, 123, 133, 146 As 
predicted above, fipronil and its degradates have partitioned to Bay sediment (data 
publicly available via cd3.sfei.org), with levels of fipronil sulfone approaching a toxicity 
threshold for freshwater invertebrates.147 As a result, the parent compound has been 
classified as an emerging contaminant of moderate concern for San Francisco Bay.148 
Imidacloprid has not yet been evaluated by local authorities relative to the region’s tiered 
risk and management action framework for emerging contaminants.148 Results from this 
study may inform ongoing regional monitoring and management efforts as well as 
broader state and federal actions to limit the potential for environmental contamination 
with these pesticides and to develop modeling approaches to better predict pesticide 
wastewater discharge and fate in municipal WWTPs and in receiving waters. 
These findings must be considered in light of other important considerations. A 
one-time sampling event, as conducted here and in other similar studies cannot assess the 
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effects of temporal variations in pesticide use and discharge, particularly as it relates to 
seasonality.34, 45, 72, 139 While the San Francisco Bay region, with its mild climate and 
relatively uniform flea pest pressures,138 is less likely to display large shifts in urban flea 
control pesticide use, seasonality is likely to be a major influence in other urban areas 
with marked seasonal temperature shifts. Another consideration is the potential for 
pesticide contamination of the water sources supplying tap water to urban residents. 
While the majority of source waters for San Francisco Bay urban water supplies related 
to this study are essentially free of agricultural, urban, and treated wastewater influences 
(Table D-8), the same cannot be said for the water supplies of many other regions. Source 
or tap water testing for relevant pesticides is likely to be an important element of studies 
conducted elsewhere. A third consideration to weigh concerns the wastewater treatment 
technology used. While the treatment trains employed by WWTPs participating in this 
study were diverse, they do not cover all available technologies. Alternate technologies, 
such as reverse osmosis, may have different impacts on pesticide levels, and could be 
explored in future studies. 
Conclusions 
The levels of fiproles and imidacloprid measured in wastewater influent and 
treated wastewater effluent suggest that conventional treatment has little promise for 
reducing the release of fiproles or imidacloprid into the environment once discharged to 
the sewer system. An investigation of potential sources suggests pet flea and tick 
products are the primary source of fiprole and imidacloprid to WWTP influent. 
Additional work is needed to quantify the relative contribution of suggested sources and 
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pathways (e.g., pet products, human waste, underground termite treatments). The findings 
of this study, particularly identification of pet products as a likely primary source, can 
inform upcoming U.S.EPA risk assessments for fipronil and imidacloprid, which for the 
first time will evaluate the aquatic risks associated with urban use of these pesticides.127, 
128 Available toxicity thresholds have been established only for freshwater environments, 
highlighting the need for saltwater toxicity studies to evaluate the risks of these pesticides 
to the ecological health of estuarine and ocean environments in addition to freshwater 
systems. 
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TRANSITION 4 
In 2010, the U.S. EPA suspended the agricultural application of fipronil over 
concerns regarding ecosystem health. Whereas one would expect a diminished 
environmental release of this pesticide following the termination of major agricultural 
use, my data showed ubiquitous detections of fipronil in sewage sludge samples collected 
in 2015/6, thereby demonstrating ongoing, significant uses of the pesticides with 
subsequent releases into U.S. water resources. 
 Chapter 4 showed that fipronil and its degradates persist regardless of treatment 
technology utilized, with 65 ± 11% of the total fiproles loading being discharged in 
effluent and the balance becoming sequestered in sludge. This finding was in strong 
agreement with the findings reported in Chapter 3 that 62% of the fiprole loading to 
wastewater treatment plants nationwide was discharged contained in effluent. Thus, 
combining the data obtained in Chapter 3 and 4 afforded the opportunity to determine 
total fipronil emissions during 2001-2015. 
In Chapter 5, I inventorize the total fipronil usage and resulting environmental 
releases, and discuss how treatment products used domestically on pets for flea and tick 
removal is contributing to surface water contamination nationwide that is exceeding 
estimated inputs stemming from insecticide-laden runoff from agricultural fields in the 
United States.
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CHAPTER 5 
IMPACT OF U.S. EPA RESTRICTIONS OF FIPRONIL USE IN AGRICULTURE 
AND ON ITS ENVIRONMENTAL RELEASES TO U.S. SURFACE WATER 
Fipronil is a broad-use, phenylpyrazole insecticide that has caught the attention of 
regulatory agencies worldwide due to its adverse effects on non-target aquatic 
invertebrates and pollinators at low part-per-trillion concentrations. More than 20 United 
States Environmental Protection Agency (U.S.EPA) ecological risk assessments for 
fipronil have identified, acute and chronic risks to freshwater, estuarine, and marine 
invertebrates; direct chronic risks to both fresh- and saltwater fish species; acute and 
chronic risks to terrestrial vertebrates; acute lethal and reproduction risks to birds, and 
reproductive effects in insectivorous mammals.23 In response, the U.S.EPA announced an 
amendment in February 2010 to terminate all registered fipronil uses on corn-in-furrow 
and turfgrass under section 3 of the Federal Insecticide, Fungicide, and Rodenticide Act 
(FIFRA). Furthermore, other fipronil products used for landscape maintenance and seed 
treatment were changed to the more stringent Restricted Use Pesticide (RUP) 
classification, with recommendations for avoiding surface water contamination by 
observing “setbacks” from water bodies and a prohibition of applications near drains 
connected to surface waters.23 
Currently, major fipronil products not captured by RUP are structural termite 
treatment products and flea-and-tick control products for cats and dogs, with both types 
of products containing fipronil at a level of about 10% v/v active ingredient (a.i.). Yet, 
there exists no nationwide inventory for these two types of usage. Available information 
  
84 
from the state of California reveals a strong correlation between fipronil a.i. usage for 
structural termite control products with the state’s new housing projects development 
(r=0.9; 2011-2015; Table A-2 and A-3).13-15 Extrapolations based on the nationwide 
housing development reveals that average nationwide annual fipronil a.i. usage for 
structural termite treatment was about 337,000 ± 60,000 kg from 2011-2015, which is 
significantly higher than agricultural usage (Figure 5-1-A; See Appendix E for 
methodology). Similarly, there exists very limited data on the quantity of fipronil used in 
the U.S. for spot-on treatment and the U.S. EPA is expected to impose more stringent 
criteria for sales and incident information. Available data indicate 270 million spot-on 
treatment doses being sold in 2008, and that a 5-year average mass of 13,100 ± 6,700 kg 
of fipronil was used in pet products in the state of California alone from 2011-2015.102 
Although comprehensive, annual data on pet ownership, pet products usage, and 
prevalence of flea and tick colonization of pets is not available for each state, a 
population-based extrapolation of California usage suggests an average annual 
nationwide fipronil usage volume of 108,000 ± 55,000 kg/y of a.i. during 2011-2015 (See 
Appendix E for methodology). Thus, non-agricultural usage, for which no regulatory 
framework currently is in place, accounts for about 98% of the fipronil usage during 
2011-2015.  
Despite the suspension of major agricultural applications of this insecticide, 
fipronil and its degradates have been detected nationwide in 84% of surface waters 
monitored at concentrations of 0.02-190.1 ng/L (mean: 32.8 ng/L; median: 17.6 ng/L), 
which exceeds the U.S.EPA established 21-day chronic benchmark of fipronil for 
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invertebrates in 37% of cases.5 This nationwide surface water contamination is resulting 
from diverse fipronil applications contributing via agricultural runoff, stormwater 
discharge, and effluent discharge. A study submitted to the U.S. EPA by BASF showed 
that the average and maximum fipronil mass potentially lost from the edge-of-field in 
agricultural runoff was on the order of 0.13% and 0.76%, respectively, with actual levels 
depending on rainfall event frequency and intensity.149 Based on the USGS-reported 
agricultural usage of fipronil in the U.S.,11 I calculated the mass of fipronil residue runoff 
at about 200 kg in 2001, during its peaking usage (See Appendix E for methodology). 
After the phasing-out of its usage in corn due to regulatory intervention by the U.S. EPA, 
fipronil residue runoff mass likely decreased to as little as about <10 kg in 2015 (See 
Appendix E for methodology). However, the mass of total fiproles emitted to surface 
water as a result of wastewater reclamation is much larger (Figure 5-1-B). A longitudinal 
sludge analysis from 2001-2016 (Chapter 3) showed a nationwide fiprole discharge 
contained in WWTP effluent of about 750 kg in 2001, to about 2,000 kg annually from 
the years 2006-2016 (Figure 5-1-B); mass emissions resulting from effluent discharge 
were calculated from sludge levels using the mass balance approach (See Appendix E for 
methodology). The mass discharged by effluent discharge is 4-times higher than the 
agricultural runoff during peak agricultural use of fipronil in 2001, and for recent years it 
is about 450-times higher. These results reveal that despite the U.S. EPA intervention and 
declining agricultural usage of fipronil (Figure 5-1-A), there is no measurable decline in 
the overall emission of fipronil into U.S. surface waters. On the contrary, fipronil releases 
to surface water actually have increased and are driven and dominated not by agricultural 
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uses, but by fiprole residues contained in the reclaimed effluent from WWTPs nationwide 
(Figure 5-1-B).  
 
Figure 5-1. Agricultural usage of fipronil in the U.S. during 2001-2015 (A); estimated 
releases of fiproles to U.S. surface water via agricultural runoff and treated effluent 
discharge (B); estimated annual average U.S. usage of fipronil and fiprole releases to 
U.S. surface water from different uses from 2011-2015 (C). 
Studies have established that environmental pollution resulting from the structural 
termite treatment and landscape maintenance will be 0.05% of insecticide applied (See 
Appendix E for methodology).150 Although there exists no known major pathway for 
these insecticide applications to transfer into and become part of domestic wastewater, 
the quantities of fipronil used for these purposes are not large enough to account for the 
observed nationwide loading detected in raw and treated wastewater. However, fiproles 
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originating from these usages may find their way into surface water via stormwater and 
residential runoff, as evidenced by a few studies.93, 146 Recent studies have established 
that flea-and-tick control products for pets are majorly responsible for the wastewater 
loading observed nationwide.102-104 Average wash-off of spot-on products from dogs 
during bathing 2, 7, and 28 days post product application was 21%, 16%, and 4%, 
respectively.102 The average concentration contained in WWTP influent observed 
nationwide of 62.5 ng/L fiproles corresponds to about 3,000 ± 600 kg annually during 
2015/6. With estimated fipronil usage of 172,000 ± 34,000 kg annually U.S. nationwide, 
the fraction of pet products washed off will be 1.9±0.7%, further confirming results from 
the recent dog wash-off study on an uncontrolled nationwide scale. 
In the U.S., fipronil consumption in pet spot-on products accounts only for 
22±7% of its overall usage in 2011-2015; however, it contributed 86±5% fipronil to 
surface water via effluent discharge nationwide (Figure 5-1-C). This unexpected major 
pathway of fiprole loading to U.S. surface waters strongly suggests the need to review 
and revise current regulations to minimize the ensuing risk to ecosystems. Nationwide 
fiprole emissions via effluent discharge are estimated at about 1,820 ± 360 kg/year during 
2015/6, with concentrations (0.3-112.2 ng/L; mean: 38.3 ng/L; Chapter 3) in discharged 
effluent exceeding the U.S. EPA established 21-day chronic benchmark of fipronil for 
invertebrates (11 ng/L) in 67% of cases. Therefore, cancellation of corn-in-furrow and 
turfgrass end-use by U.S.EPA in 2010 has failed to stop or significantly reduce the 
overall environmental releases of fipronil to U.S. surface water from all sources.  
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Wash-off water of pet products also identifies insecticide exposure to the pet 
owners. Recently, manufacturers of pet products (Sergeant's Pet Care Products, Inc. and 
Wellmark International) have agreed to stop manufacturing of formulations containing 
propoxur (a carbamate insecticide) to reduce exposure to children. Further studies are 
required to evaluate wash-off potential and resultant human health and environmental 
risks of fipronil, imidacloprid, methoprene, pyriproxyfen, etofenprox and a number of 
related pyrethroids. 
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CHAPTER 6 
RESEARCH IMPLICATIONS AND RECOMMENDATIONS 
The fundamental objective of using insecticides is to kill or control the growth of 
insects that are undesirable, destructive or pose risks. However, unwarranted introduction 
of insecticides into the environment via agricultural runoff, stormwater discharge, 
wastewater reclamation, and biosolids application can pose risks to non-target receptors 
in impacted ecosystems. It is essential to determine the usage patterns and post-
application fate of mass produced chemicals, to rank and prioritize the relative 
contribution of each emission source to the environment. The presence of fipronil and 
neonicotinoids in U.S. agricultural and non-agricultural markets has increased 
significantly and continuous to grow; however, not much attention has been given to the 
post-application fate, particularly of non-agricultural insecticide applications.  
In Chapter 1, I inventoried known uses of fipronil and neonicotinoids since 1994 
and identified that in recent years (2011-2015) fipronil usage by mass was dominated by 
non-agricultural uses (averaging 98% of all uses) and imidacloprid also saw significant 
but lesser use in non-agricultural applications (averaging 29%). Currently, the non-
agricultural usage volume of fipronil and neonicotinoids is on the order of 800,000 ± 
300,000 kg active ingredient per year; yet, it is not effectively regulated or tracked by any 
of the U.S. regulatory agencies. In Chapters 2, 3, and 4, I studied the occurrence of 
insecticides in U.S. wastewater to understand and quantify the resulting reintroduction of 
these insecticides to surface water and agricultural fields due to the discharge of treated 
effluent and the application of biosolids.  
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In Chapter 2, I established the persistence of neonicotinoids during conventional 
wastewater treatment and their nationwide occurrence in raw and treated wastewater by 
performing a mass balance assessment at each relevant treatment unit operation (i.e., 
primary sedimentation, activated sludge treatment, chlorine disinfection) at a 
conventional WWTP over 5-consecutive days, and then followed up with a screening 
study of an additional 12 WWTPs across the nation to successfully confirm the broad 
applicability of the observations made at the initial plant examined. Flow-weighted daily 
composites analyzed by isotope dilution liquid chromatography tandem mass 
spectrometry revealed the occurrence of imidacloprid, acetamiprid, and clothianidin at 
ng/L concentrations in U.S. wastewater (3-666.4 ng/L); three neonicotinoids also 
monitored for but never detected at method detection limits above 0.3, 0.1, and 32.6 ng/L 
included thiamethoxam, thiacloprid, and dinotefuran, respectively. A mass balance 
showed insignificant removal of imidacloprid (p = 0.09, CI = 95%) and limited removal 
of the sum of acetamiprid and its degradate, acetamiprid-N-desmethyl (18 ± 4%, p = 0.01, 
CI = 95%), and clothianidin (< 25%).  These data represent the first mass balance and 
first U.S. nationwide reconnaissance in wastewater of imidacloprid, acetamiprid, and 
clothianidin. All three compounds were identified as recalcitrant sewage constituents that 
persist during wastewater treatment and enter water bodies at significant mass loadings 
contained in treated plant effluent, potentially harming sensitive aquatic invertebrates. 
In Chapter 3, I established the nationwide occurrence and increasing presence of 
fiproles in the U.S. since 2001, by studying archived sludge and wastewater samples 
collected between the years 2001 and 2016.  I analyzed 109 sludge and 12 influent-
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effluent samples collected at facilities across the contiguous U.S. (ranging in agricultural 
and non- agricultural usage practices), and that perform sludge management strategies 
ranging from no digestion or treatment, to chemical treatment, to aerobic digestion to 
anaerobic digestion; similarly, the wastewater treatment approaches captured by the 
facility sample were broad, ranging from primary and secondary (i.e., activated sludge 
treatment) only, to additional biological nutrient removal and tertiary filtration. Analysis 
of archived sludge samples by isotope dilution liquid chromatography tandem mass 
spectrometry revealed ubiquitous fiprole occurrence in wastewater solids since 2001 (2.9 
to 177.8 µg/kg; mean = 42.5 µg/kg), and showed levels to increase during 2006-2016 
(0.2-385.3 µg/kg; mean = 109.1 µg/kg). This work showed that fiprole levels in U.S. 
wastewater are uncoupled from agricultural fipronil application on cropland surrounding 
sampled municipalities. Therefore, non-agricultural uses (i.e., spot-on treatment and 
urban pest control) have to be considered major sources of fiprole loading to wastewater. 
Additionally, I established that fiproles persist during sludge treatment applied (p=0.519), 
with fipronil undergoing only biotransformation, specifically during anaerobic sludge 
digestion, a conversion from the parent compound to fipronil sulfide. Moreover, analyzed 
treated wastewater (WWTP effluent) available from 12 facilities sampled in 2015-16 
showed occurrence of total fiproles at 0.3-112.9 ng/L, establishing a pronounced 
persistence of fiproles in a spectrum of WWTPs that differed in anticipated microbial 
communities present, suspended solids content, sludge age, hydraulic retention time, and 
treatment regimes.  
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In Chapter 4, I established that pet products containing fipronil and imidacloprid 
are important sources of insecticides found in wastewater from Northern California. This 
study was motivated by prior detections of fipronil in San Francisco Bay sediments and 
the need to determine potential sources of sediment pollution. Fiprole levels obtained for 
wastewater influent (19.9-121.8 ng/L), effluent (17.3-63.8 ng/L), and sewage sludge (3.7-
151.5 µg/kg) revealed that, regardless of treatment technology utilized, fiproles persisted 
with 65 ± 11% being discharged in effluent and the rest being sequestered in sludge. 
Similarly, imidacloprid occurred at higher levels than the nationwide average (influent, 
58.1-306.1 ng/L; effluent, 83.8-305.2 ng/L) and also persisted during treatment without 
experiencing notable attenuation. Corresponding per-capita loading in wastewater 
suggested that crack-and-crevice applications, landscape maintenance, and termite 
treatment cannot account for the observed loading, thereby identifying flea and tick 
control agents for pets as a major, previously underappreciated potential source of 
insecticides in surface waters.  
To summarize, I have studied 99 unique WWTPs and conclude that (i) non-
agricultural usage, particularly from pet flea and tick treatment products is ubiquitous and  
contributes a large fraction of total inputs of neonicotinoid and fiprole mass levels to U.S. 
wastewater nationwide; (ii) insecticides exhibit resistance to degradation during passage 
through contemporary wastewater treatment infrastructure, with neonicotinoids lacking 
detectable removal and fiproles showing only minor removal from the aqueous phase in a 
process driven by fiprole partitioning into sludge; (iii) an estimated mass of 1,000 to 
3,400 kg of neonicotinoids, and of 1,600 to 2,400 kg of fiproles enter U.S. surface waters 
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annually as a result of wastewater reclamation; and (iv) treated effluent discharged 
contains levels of residual insecticides above the toxicity benchmarks established for 
sensitive aquatic invertebrates; imidacloprid levels exceeded invertebrate’s chronic 
toxicity threshold value of 35 ng/L in 83% cases and fipronil levels exceeded U.S. EPA’s 
21-day chronic toxicity benchmark for invertebrates of 11 ng/L in 67% cases. 
Non-conventional Pathways of Surface Water Contamination  
 Surface water contamination with pesticides typically is presumed to be the result 
of runoff from agricultural applications. However, as identified by my work here, other 
sources need to be considered as well. In the case of fipronil, non-regulated non-
agricultural usage in pet products is not dominating total fipronil usage nationally, 
however, is contributing significant fiprole loading to surface waters nationwide as a 
result of wastewater reclamation. Though registration of pet products containing fipronil 
and other insecticides dates back to the 1990s, post-application fate and resultant wash-
off potential have not been studied comprehensively by the U.S.EPA prior to registration 
and re-registration of these products. Additionally, there exists a lack of non-agricultural 
usage inventory to determine the regional practices and areas prone to higher risks 
resulting from heavy, non-agricultural insecticide usage. My data on imidacloprid and 
fipronil release inventories may help guide future policies regarding regulating and 
monitoring of the diverse insecticides used nationwide to assure that they do not pose 
undue risks to the environment. 
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Figure 6-1. Levels of imidacloprid and fipronil in U.S. effluent during 2015-16 
contrasted with insecticide concentrations in surface water in 2012-14 reported by the 
USGS5 (denoted by *) (A); and co-occurrence of imidacloprid and fipronil in raw 
wastewater from the U.S. collected during 2015-16 (B).  
Wastewater Reclamation and Biosolids Use – An Environmental Health Paradigm 
Wastewater reclamation is a necessity to close the water loop and to satisfy the 
world’s still increasing water demands for domestic, commercial, industrial, and 
agricultural purposes.151 Beneficial uses may include: irrigation of gardens and 
agricultural fields; groundwater recharge; surface water and wetlands replenishing; and if 
the water quality and local ordinances permit, direct potable reuse. However, reclaimed 
wastewater also contains a range of unknown micropollutants that have been identified in 
the last decade and that pose still uncertain risks (see Figure 6-2 for publication trends in 
this research area). Current wastewater infrastructure is not designed to remove these 
anthropogenic pollutants. As shown by my research, anthropogenic chemicals, especially 
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pesticides, have structural features allowing them to withstand wastewater treatment; 
more hydrophobic contaminants (such as fiproles) are sequestered in sludge to varying 
degrees or are discharged in treated effluent. The latter route is particularly relevant to the 
highly water soluble group of neonicotinoid insecticides. Inputs of insecticides along with 
other pharmaceuticals, personal care products, and industrial chemicals resulting from 
wastewater reclamation may have negative additive or even synergistic effects on aquatic 
receptor organisms in terms of toxicity and endocrine disrupting effects.152 
Neonicotinoids and fipronil may pose direct risks to aquatic vertabrates, invertebrates, 
and fish species, as well as indirect risks to pollinators by uptake of insecticide from 
recycled water and from biosolids by plants, followed by an accumulation of harmful 
residues in leaves, flowers and pollen.38, 153-156 Currently, the U.S. EPA regulates only ten 
toxic metals and pathogens in land applied biosolids under the authority of Section 
405(d) of the Clean Water Act, as part of Title 40 of the Code of Federal Regulations 
(CFR).157 This regulation dates back to 1994 and with discovery of newer contaminants 
in sewage,45, 158-162 a revision of regulatory policies for biosolids application appears to be 
needed in order to minimize the loading of insecticide contaminants to U.S. soils from 
biosolids application.  
The removal of neonicotinoids and fipronil, among other trace organics will 
require advanced water and wastewater treatment strategies involving filtration (e.g., 
microfiltration, ultrafiltration, nanofiltration, reverse osmosis), activated carbon treatment 
and advanced oxidation (using ozone, hydrogen peroxide). However, the addition of such 
unit operations will contribute significant expenses in terms of capital costs and annual 
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operating and maintenance expenses.163 A recent U.S.EPA survey showed that US$271 
billion are required to fulfill current U.S. infrastructure needs for a 20-year timeframe. 
Installation of technologies to meet secondary treatment standards ($52.4 billion) and 
upgrades required to advanced treatment ($49.6 billion) account for 38% of the estimated 
budgetary requirements.164 The present study further advocates the need of investments in 
wastewater infrastructure to achieve higher quality effluent standards that benefits the 
environment and consequently humans. A cheaper alternative may be to limit the use of 
problematic synthetic chemicals instead.  
 
Figure 6-2. Analysis of trends in the publication of peer-reviewed articles focusing on 
the topics of “wastewater” and “contaminants” during 1990-2016 (Source: ISI Web of 
Science, 2017 edition).   
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Achieved Sewage Repositories to Determine Longitudinal Environmental Releases 
of Contaminants 
The analysis of archived sludge, a performed here when targeting fiproles in 
treated sewage sludge (biosolids) highlights the benefits of creating and maintaining 
repositories of wastewater process streams, particularly sludges and raw sewage. 
Hydrophobic contaminants will partition to the sewage particulates in wastewater, 
resulting in their sequestration in sludge. As shown here by example of fiproles, the 
analysis of archived samples can reveal retroactively the occurrence in sewage sludge 
(and by extension in raw and treated wastewater) of harmful pollutants that may not be 
known or well characterized at the time of sampling. Moreover, very small amounts (less 
than one gram) of sewage sludge is required to obtain important information on the 
occurrence of a given contaminant or group contaminants of concern. Additionally, the 
stability of most pesticides in wastewater matrices at low temperatures during storage (< -
20oC) allows for opportunities to study spatial and temporal trends, usage practices and 
releases to the environment, as well as the effectiveness of environmental regulations and 
interventions.108  
Recommendations for Future Research 
 Additional research should focus on an assessment of nationwide levels of 
fiproles in sediments and their effects on benthic macroinvertebrates as well as on the 
inadvertent uptake of insecticides by biota. Given that the mean concentration of 
imidacloprid in discharged effluent (96 ± 67 ng/L) is about 8-times higher than the 
average surface water concentration (12 ± 28 ng/L),5 it is reasonable to assume that 
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imidacloprid is degraded faster in natural environments when compared to fipronil. 
However, the assessment of imidacloprid transformation products and their toxicological 
relevance in surface water demands further research.   
Fipronil recently has been identified for regulatory purposes in the 2011 Biennial 
Review of Title 40 CFR Part 503 under the Clean Water Act, section 405(d)(2)(C) as a 
pollutant in U.S. sewage sludge.118 My work has identified the presence of fiproles in 
sludge dating back all the way to 2001. Considering the long half-life of fipronil and its 
degradates in soil (up to several hundred days),35, 36, 116 and that the amount of fiprole-
containing biosolids applied on U.S. land annually is about 3.5 million metric tons,28 this 
situation of nationwide release to U.S. soils demands further risk assessments for affected 
agricultural settings and potentially may require regulatory intervention. Future research 
should determine the leachability, half-life and transport of sludge-borne fiproles in 
agricultural settings, as these may have a significant impact in terms of groundwater and 
surface water contamination and inadvertent uptake of harmful pesticides by aquatic and 
terrestrial biota.  
 I observed a linear correlation between imidacloprid and fipronil concentrations in 
influent samples of the WWTPs studied (Figure 6-1-B). For fipronil, my data and a recent 
dog wash-off study102 strongly suggest that pet products are a key contributor to 
nationwide inputs of fiproles into U.S. wastewater. Co-occurrence of fiprole and 
imidacloprid may also be resulting from pet wash-offs and further research is required to 
determine the accuracy of this hypothesis. Nationwide occurrence of imidacloprid in raw 
wastewater at levels that were about two times higher than concentrations of fipronil 
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suggests that higher wash-off of imidacloprid from pets and/or higher market share of pet 
products containing imidacloprid in U.S. may be at play. Future research should also 
focus on the post-application fate and resulting human exposure from the use of pet 
products containing other insecticides, including methoprene, pyriproxyfen, etofenprox, 
permethrin, cyphenothrin, and flumethrin.  
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Table A-1. Agricultural usage of fipronil and neonicotinoids (in kg) during 1994-2014 in 
United States 
Year Fipronil Imidacloprid Clothianidin 
1994 
   
9640 ± 1570 
   1995 
   
77610 ± 4908 
   1996 
   
93779 ± 9512 
   1997 
   
169920 ± 18697 
   1998 71262 ± 18912 151251 ± 17688 
   1999 80036 ± 20338 130590 ± 11497 
   2000 109661 ± 21413 128662 ± 6582 
   2001 139741 ± 33488 126254 ± 13672 
   2002 158182 ± 32130 122308 ± 10961 
   2003 83302 ± 24308 141929 ± 9298 
   2004 114275 ± 32365 236015 ± 35812 184796 ± 11112 
2005 112221 ± 49445 199637 ± 17331 306643 ± 6778 
2006 46069 ± 16761 197095 ± 32137 272908 ± 2162 
2007 51290 ± 25595 304240 ± 34882 400968 ± 2428 
2008 32818 ± 17849 283155 ± 43031 508315 ± 4054 
2009 57397 ± 31384 372951 ± 34391 574769 ± 2922 
2010 41640 ± 26052 751184 ± 22663 461589 ± 10239 
2011 21394 ± 16853 789503 ± 29582 821752 ± 18016 
2012 7996 ± 2056 824833 ± 33471 1272975 ± 18096 
2013 4385 ± 637 931366 ± 35810 1547364 ± 28862 
2014 5484 ± 1479 974516 ± 68437 1726157 ± 31033 
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Table A-1. Agricultural usage of fipronil and neonicotinoids (in kg) during 1994-2014 in 
United States (Continued.) 
Year Thiamethoxam Dinotefuran Thiacloprid Acetamipid 
1994 
         
   
1995 
         
   
1996 
         
   
1997 
         
   
1998 
         
   
1999 
         
   
2000 155 ± 96 
      
   
2001 3469 ± 1031 
      
   
2002 22368 ± 5250 
      
8516 ± 502 
2003 23200 ± 4760 
      
24156 ± 968 
2004 99865 ± 5184 
   
4280 ± 829 42311 ± 4368 
2005 152554 ± 10921 32 ± 0 6088 ± 1414 37850 ± 3419 
2006 247442 ± 7760 2237 ± 175 8237 ± 1369 42077 ± 2323 
2007 261670 ± 13753 8758 ± 576 5444 ± 937 33344 ± 2527 
2008 330850 ± 14126 8659 ± 837 5052 ± 486 60374 ± 3540 
2009 458294 ± 20468 9784 ± 1072 8506 ± 644 28350 ± 1861 
2010 443336 ± 10308 11688 ± 1669 8592 ± 737 33518 ± 2191 
2011 569777 ± 12510 10664 ± 1046 7616 ± 681 37391 ± 4396 
2012 592872 ± 14421 17500 ± 3210 5010 ± 506 34895 ± 1406 
2013 567770 ± 13965 17646 ± 3497 9912 ± 1391 34359 ± 1146 
2014 669168 ± 15146 14895 ± 2464 9364 ± 469 39694 ± 2713 
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Table A-2. Non-agricultural usage of fipronil and neonicotinoids (in kg) during 1996-
2015 in California 
 Structural pest control 
Year Fipronil Imidacloprid Acetamiprid Thiamethoxam Dinotefuran 
1996   521     
1997   1443     
1998 1 3141     
1999 1 14707     
2000 299 12461     
2001 3552 9412     
2002 6782 44486     
2003 14808 21105     
2004 22602 17933 16    
2005 30245 23222     
2006 44729 29920  2   
2007 29357 34880 8 1   
2008 15676 7725 91 2   
2009 12602 10144 241 81   
2010 17244 18866 520 277 11 
2011 28733 8611 196 249   
2012 24111 13734 383 134 102 
2013 32172 33476 411 207 75 
2014 35945 19984 574 370 64 
2015 41430 39327 1407 521 569 
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Table A-2. Non-agricultural usage of fipronil and neonicotinoids (in kg) during 1996-
2015 in California (Continued.) 
 Landscape maintenance 
Year Fipronil Imidacloprid Clothianidin Thiamethoxam Dinotefuran 
1996   2581     
1997   1452     
1998   1366     
1999   1021     
2000 1 3628     
2001 8 1982     
2002 29 20213     
2003 37 7605     
2004 53 3097  5   
2005 64 8285  10 3 
2006 62 4334  1 36 
2007 121 5187   13 
2008 55 3354 24 83 22 
2009 178 3711 272 105 20 
2010 147 6080 83 145 195 
2011 51 5468 72 150 120 
2012 50 5382 117 140 305 
2013 26 5523 284 157 263 
2014 31 6838 268 134 389 
2015 62 6392 193 154 313 
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Figure A-1. Fipronil and imidacloprid usage for structural pest control and its correlation 
with new housing projects in California during 2009-2015 
 
 
Figure A-2. New housing development in California and in U.S. during 1996-2015 
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Table A-3. New housing development in California and in U.S. during 1996-2015 
 
 New housing units built 
Year California U.S. 
1996 94000 1413000 
1997 112000 1400000 
1998 126000 1474000 
1999 140000 1604000 
2000 149000 1574000 
2001 149000 1571000 
2002 168000 1648000 
2003 196000 1678000 
2004 213000 1842000 
2005 209000 1932000 
2006 164000 1979000 
2007 113000 1502000 
2008 65000 1120000 
2009 36000 794000 
2010 45000 651000 
2011 47000 585000 
2012 59000 649000 
2013 85000 764000 
2014 86000 884000 
2015 98000 968000 
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Table B-1. Chemical Abstracts Service (CAS) Number and Molecular Design Limited 
(MDL) Number of Analytes  
analyte CAS no. MDL no. 
imidacloprid 138261-41-3 MFCD00468059 
acetamiprid 135410-20-7 MFCD06201842 
acetamiprid-N-desmethyl 190604-92-3 MFCD08690484 
clothianidin 210880-92-5 MFCD06200753 
thiacloprid 111988-49-9 MFCD02101042 
thiamethoxam 153719-23-4 MFCD03792862 
dinotefuran 165252-70-0 MFCD06795001 
imidacloprid-d4 1015855-75-0 MFCD09037342 
acetamiprid-d3 N/A MFCD17019132 
clothianidin-d3 1262776-24-8 MFCD17019117 
 N/A, not available 
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Sampler programming 
Seven portable automated samplers (6712 Full-Size Portable Sampler, Teledyne Isco, 
Lincoln, NE, USA) were programmed based on three-week average hourly-daily flow 
rate data. 24 subsamples were merged to get about 2.5 liters of daily flow-weighted 
composite sample. Samplers were programmed to draw 20 ml incremental samples for a 
given hour. 
Volume of sample collected at hour t = \]\^_` x Mabb	cdMe  
where, Qt = measured flowrate at t, Qavg = average daily flowrate over the course of three 
weeks 
 
Figure B-1. Flow diagram showing treatment processes for wastewater and sludge in the 
investigated activated sludge treatment plant. Numbers indicate the sampling locations 
used. At locations 1, 2, 3, 4, 5, 8, and 9 flow-weighted, 24-hour composite samples were 
collected using automated samplers. At locations 6 and 7, grab samples were collected. 
The boxes outlined in blue and brown color represent, respectively, the control volumes 
used to conduct mass balances on the wastewater treatment train and the engineered 
wetland located immediately downstream.  
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Isotope Dilution, Standard Addition, and Calibration  
For imidacloprid, acetamiprid and clothianidin, the isotope dilution technique was 
utilized to determine losses during extraction and to compensate for potential ion 
suppression during LC-MS/MS detection. Deuterated isotopes (imidacloprid-d4, 
acetamiprid-d3 and clothianidin-d3) were spiked before extraction at pre-determined, 
anticipated levels. A tri-deuterated isomer of acetamiprid (d3) was also used to enable 
quantification of acetamiprid-N-desmethyl. For imidacloprid, acetamiprid, acetamiprid-
N-desmethyl, and clothianidin, calibration standards were prepared in clean matrix 
(water, methanol and formic acid mixtures (80/20/0.1, v/v/v)). For thiacloprid, 
thiamethoxam, and dinotefuran, the method of standard addition was utilized to 
compensate for ion suppression during the LC-MS/MS detection.1 Matrix spike and 
matrix spike duplicates were performed in each sample matrix to determine the overall 
recovery of the analytes. Quantification was performed using 8-point, linear calibration 
curves for each analyte in the specific concentration range of interest, and calibration 
curves with a coefficient of determination R2 > 0.99 were considered satisfactory.  
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Quality Assurance and Quality Control 
Field, trip and instrument blanks, consisting of ultrapure reagent grade water 
placed in sampling containers, were analyzed; any resultant signals were subtracted from 
those obtained for study samples within the same analytical batch. For all analytes, field 
blank chromatograms showed no to <10% of the signal intensity obtained in 
chromatograms for actual samples. Precision was assessed by analyzing samples and 
duplicates, and calculating the corresponding relative percentage difference (RPD) value 
using the following equation: 
RPD, % = 
1>DKJI?f	1BCJI<@DA?L>DKJI?	g	LBCJI<@DA?h  x 100       (SE 1) 
where, Csample and Cduplicate are the detected concentrations in the original sample and its 
duplicate, respectively.  
Data Analysis and Reporting 
Determination of Method Detection Limits and Reporting Limits.  
Method detection limits (MDLs) were determined according to the EPA 
guidelines described in 40 CFR 136, Appendix B. Data are reported when peak areas 
were above the lowest concentration calibration standard prepared in clean matrix, when 
the peak had a signal-to-noise ratio of >3, and when the calculated concentration was 
equivalent or higher than the established MDL. Theoretical MDLs determined with this 
approach were verified by spiking authentic matrices and adjusting the MDL values 
upward as needed to account for matrix effects. In rare cases where blanks of analytical 
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batches showed signals for analytes, the MDL was defined as 10 times the level of 
background detected in the blank. MDLs were used as reporting limits. The limit of 
quantitation (LOQ), was defined as 3 times the practical MDL. Data equal to or 
exceeding the reported LOQ values are considered more robust than those above the 
MDL but below the respective LOQ.  
Method Detection Limit Calculation.  
The method detection limit (MDL) (the minimum concentration of a substance 
that can be measured and reported with 99% confidence that the analyte concentration is 
greater than zero and is determined from analysis of a sample in a given matrix 
containing the analyte) was determined by U.S.EPA method. Seven replicate (n) spikes 
were prepared at an appropriately low concentration (about 1 to 5 times expected MDL) 
and processed through the entire analytical method. Following equation was used to 
determine MDL,  
MDL = 𝑠	×	𝑡(#fm,mfo	p	b.qq)                           (SE 2) 
where, s = standard deviation of measured concentrations of n spike determinations, n = 
number of replicate spike determinations = 7, α = level of significance = 0.01, t = 
student’s t value at n-1 degrees of freedom and 1-α confidence level = 3.14. 
Determination of Absolute and Relative Analyte Recovery.  
Absolute recovery of analytes, expressed as a percentage, was determined by 
fortifying and analyzing representative environmental samples (influent, effluent, sludge) 
with authentic standards to obtain matrix spike and matrix spike duplicate information. 
For compounds for which isotope-labeled standards were available, relative recovery 
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rates were calculated by adjusting the determined absolute recovery rate for non-ideal 
(not 100%) recovery of the respective labeled surrogate standard. In accordance with the 
isotope dilution method, only data reported for analytes featuring labeled surrogate 
standards were reported as normalized concentrations. All other data represent absolute 
concentrations determined. 
Statistical Data Analysis 
In this study, the error value in the average daily concentration was calculated as 
the standard deviation of measured concentrations obtained for daily samples and their 
respective replicates over the 5-day sampling period. The error value for the total mass 
during the 5-day sampling period was calculated using the maximum and minimum 
values obtained from two experimental replicates. 
Kathon CG/ICP 
In this study 600 mg/L of Kathon CG/ICP (purchased from Sigma-Aldrich Corp., 
St. Louis, MO, USA) preservative was added to wastewater to disinfect the samples. 
Kathon CG/ICP contains 1.15% 5-chloro-2-methyl-4-isothiazolin-3-one and 0.35% 2-
methyl-4-isothiazolin-3-one as active ingredients. During method development, potential 
of interference of Kathon CG/ICP to detection was tested in deionized water, synthetic 
wastewater (made of peat moss) and wastewater. Results showed that Kathon CG/ICP 
did not interfere with the LC-MS/MS measurement of neonicotinoids.    
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Mass Balance Calculations 
Mass balance for wetland was calculated by following equation. 
ṁlost = Ʃ (QWL,inf x CWL,inf) – Ʃ(QWL,eff x CWL,eff)     (SE 3)  
where, ṁlost = mass input of neonicotinoids lost to transformation and 
accumulation during passage through wetland (g/day), QWL,inf = flowrate of influent 
entering wetland (L/day), CWL,inf = concentration of neonicotinoids in influent entering 
wetland (g/L), QWL,eff = flowrate of effluent leaving wetland (L/day), CWL,eff = 
concentration of neonicotinoids in effluent leaving wetland (g/L). 
Mass balances for primary, secondary, and disinfection treatment were calculated using 
the following equations, respectively: 
ṁPT,transformed = Ʃ (Qinf x Cinf)  – Ʃ (Q1’eff x C1’eff)  – Ʃ (QPS x CPS)    (SE 4)  
where, ṁPT,transformed = mass input of neonicotinoids lost to transformation during 
primary treatment (g/day), Q1’eff = flowrate of primary effluent leaving primary clarifier 
(L/day), C1’eff = concentration of neonicotinoids in effluent leaving primary clarifier 
(g/L), QPS = flowrate of sludge leaving primary clarifier (L/day), CPS = concentration of 
neonicotinoids in primary sludge (g/L) = CPS,aq + (C PS,particulates x TSSPS), CPS,aq = 
concentration of neonicotinoids in aqueous phase of primary sludge (g/L), CPS,particulates = 
concentration of neonicotinoids in sorbed phase of primary sludge (g/g-solids), TSSPS = 
concentration of total suspended particles in primary sludge (g-solids/L) 
ṁST,transformed = Ʃ (Q1’eff x C1’eff)  – Ʃ (Q2’eff x C2’eff)  – Ʃ (QWAS x CWAS)   (SE 5)  
 where,  ṁST,transformed= mass input of neonicotinoids lost to transformation during 
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secondary treatment (g/day), Q2’eff = flowrate of secondary effluent leaving secondary 
clarifier (L/day), C2’eff = concentration of neonicotinoids in secondary effluent leaving 
secondary clarifier (g/L), QWAS = flowrate of waste activated sludge (L/day), CWAS = 
concentration of neonicotinoids in waste activated sludge (g/L)  = CWAS,aq + (C 
WAS,particulates x TSSWAS), CWAS,aq = concentration of neonicotinoids in aqueous phase of 
waste activated sludge (g/L), CWAS,particulates = concentration of neonicotinoids in sorbed 
phase of waste activated sludge (g/g-solids), TSSWAS = concentration of total suspended 
particles in waste activated sludge (g-solids/L) 
ṁDT,transformed = Ʃ (Q2’eff x C2’eff)  – Ʃ (Qeff x Ceff)      (SE 6) 
where, ṁDT,transformed= mass input of neonicotinoids lost to transformation during 
disinfection treatment (g/day) 
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Table B-2. Mass Spectrometric Parameters for the Detection of Neonicotinoids and 
Isotope-Labeled Surrogate Standards  
analyte 
Q1 
(m/z) 
Q3  
(m/z) 
Q3’ 
 (m/z) 
tR 
(min) 
DP 
(V) 
CE 
(V) 
EP 
(V) 
CXP 
(V) 
acetamiprid 223.1 126.0 99.0 7.95 56 31 15 6 
clothianidin 250.0 169.0 132.0 7.70 50 30 8 8 
dinotefuran 203.0 129.3 113.1 6.06 50 30 15 
8 
imidacloprid 256.0 175.1 209.2 7.50 50 30 10 8 
thiacloprid 253.0 126.0 73.1 8.27 50 30 15 12 
thiamethoxam 292.0 211.1 181.0 7.01 50 30 8 8 
acetamiprid-N-
desmethyl 
211.1 128.0 149.0 8.06 61 27F13S 8 22 
internal standards         
imidacloprid-d4 260.1 213.1 179.2 7.50 76 25
F,33S 6 14F, 8S 
acetamiprid-d3 226.0 125.9 99.0 7.95 61 31
F,55S 15 10F,8S 
clothianidin-d3 252.8 171.9 131.9 7.70 56 19
F,25S 10 16F,10S 
Q1 mass-to-charge ratio (m/z) of precursor ion; Q3 m/z of most abundant fragment ion; 
Q3’ m/z of second most abundant fragment ion; tR retention time; DP declustering 
potential; CE collision energy; EP entrance potential; CXP collision cell exit potential; F 
quantifier ions; and S qualification ions.
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Table B-3. Daily Concentrations of Detected Compounds in Treatment Streams 
 
    imidacloprid  clothianidin 
  day 
concentration, 
ng/L 
%RPD concentration, ng/L %RPD 
primary 
influent 
1 63.4 ± 0.3 1% 666.4 ± 15.3 5% 
2 51.4 ± 1.1 4% 53.2 ± 4.8 18% 
3 64.7 ± 8.2 25% 18 ± 9.2 102% 
4 44.5 ± 1.5 7% 11 ± 0.6 10% 
5 49.5 ± 1.3 5% BDL (< 0.9 ng/L) 
primary 
effluent 
1 59.6 ± 19.2 62% 382 ± 14 7% 
2 58.6 ± 13.7 19% 396.8 ± 47.3 24% 
3 63.9 ± 17.5 45% 27 ± 5.6 41% 
4 53 ± 7.3 23% 13 ± 3.7 57% 
5 57.1 ± 10.4 32% BDL (< 0.9 ng/L) 
secondary 
effluent 
1 43.1 ± 2.4 11% 66.5 ± 1.5 5% 
2 50.9 ± 8.8 34% 441.9 ± 28.9 13% 
3 53.8 ± 2.9 11% 128.4 ± 5.3 8% 
4 52 ± 7.8 30% 19.7 ± 0.7 8% 
5 43.1 ± 4.4 20% BDL (< 0.9 ng/L) 
tertiary 
effluent 
1 45 ± 7 31% 45.3 ± 8.3 37% 
2 52.1 ± 10.9 42% 374.2 ± 4.9 3% 
3 49.6 ± 8.8 36% 140.9 ± 3.8 5% 
4 47.8 ± 3.2 13% 23.1 ± 4 34% 
5 48.3 ± 5.9 24% BDL (< 0.9 ng/L) 
 
 
 
 
 
  
138 
Table B-3. Daily Concentrations of Detected Compounds in Treatment Streams 
(Continued.) 
  imidacloprid clothianidin 
 day 
concentration, 
ng/L 
%RPD 
concentration, 
ng/L 
%RPD 
wetland 
influent 
1 54.4 ± 3.4 12% 30 ± 0.5 3% 
2 46.8 ± 2.7 12% 313.7 ± 27.5 18% 
3 42.1 ± 1.9 9% 201.3 ± 18.3 18% 
4 48.9 ± 1.9 8% 56.6 ± 0.6 2% 
5 48.7 ± 0.3 1% 22.3 ± 2.1 19% 
wetland 
effluent 
1 42.3 ± 9 43% 9.6 ± 0.5 10% 
2 39.4 ± 11.4 58% 19.6 ± 0 0% 
3 37.4 ± 5.6 30% 61 ± 2 7% 
4 38.2 ± 5.9 31% 123.4 ± 1 2% 
5 49.9 ± 14.6 58% 133 ± 3.1 5% 
primary 
sludge 
1 26.5 
  
  61.9 
   
2 29.9 
  
  452.3 
   
3 33.9 
  
  62.2 
   
4 29.9 
  
  BDL (< 0.9 ng/L) 
5 33.3       BDL (< 0.9 ng/L) 
waste 
activated 
sludge 
1 16.8 ± 3 36% 7.5 ± 2.6 69% 
2 20.8 ± 3.4 32% 194.3 ± 67.5 70% 
3 31.3 ± 2.2 14% 36 ± 3.8 21% 
4 21.9 ± 2 19% BDL (< 0.9 ng/L) 
5 20.8 ± 1.7 16% BDL (< 0.9 ng/L) 
 
 
  
139 
Table B-3. Daily Concentrations of Detected Compounds in Treatment Streams 
(Continued.) 
    acetamiprid  acetamiprid-N-
desmethyl 
  day concentration, 
ng/L 
%RPD concentration, 
ng/L 
%RPD 
primary 
influent 
1 4.3 ± 0.2 11% 
BDL (< 0.6 ng/L) 
2 4.7 ± 0.3 12% 
3 3.2 ± 0.1 8% 
4 3 ± 0.3 19% 
5 3.1 ± 0.7 41% 
primary 
effluent 
1 3.8 ± 0.3 17% 
BDL (< 0.6 ng/L) 
2 4.2 ± 0.2 11% 
3 3 ± 0.3 23% 
4 3 ± 0 0% 
5 3 ± 0 2% 
secondary 
effluent 
1 1.9 ± 0.3 30% 1.1 ± 0.2 40% 
2 2.3 ± 0.1 5% 1.6 ± 0.3 37% 
3 1.8 ± 0.1 12% 1.2 ± 0.1 13% 
4 1.4 ± 0 1% 1.3 ± 0.2 28% 
5 1.4 ± 0.1 8% 1.2 ± 0.1 16% 
tertiary 
effluent 
1 2 ± 0.2 20% 1.2 ± 0.1 16% 
2 2.1 ± 0 3% 1.2 ± 0.2 34% 
3 1.7 ± 0.3 39% 1.3 ± 0.5 77% 
4 1.4 ± 0.4 58% 1.1 ± 0.3 61% 
5 1.1 ± 0.2 40% 1.6 ± 0.2 29% 
 
 
 
 
  
140 
Table B-3. Daily Concentrations of Detected Compounds in Treatment Streams 
(Continued.) 
 
  acetamiprid acetamiprid-N-
desmethyl 
  concentration, 
ng/L 
%RPD concentration, 
ng/L 
%RPD 
wetland 
influent 
1 2 ± 0 3% 1.7 ± 0.1 10% 
2 2.5 ± 0.4 33% 1.4 ± 0.5 67% 
3 2.4 ± 0.5 46% 1.6 ± 0.1 7% 
4 1.8 ± 0.6 62% 1.1 ± 0.2 34% 
5 1.8 ± 0.4 41% 1.3 ± 0.1 13% 
wetland 
effluent 
1 1.8 ± 0.1 6% 1.6 ± 0 6% 
2 2 ± 0.1 8% 1.3 ± 0.1 15% 
3 2 ± 0.3 26% 1.5 ± 0 5% 
4 1.9 ± 0.1 9% 1.5 ± 0 2% 
5 2.3 ± 0.2 18% 2 ± 0.5 49% 
primary 
sludge 
1 0.6     
BDL (< 0.6 ng/L) 
2 1.3     
3 1.8     
4 0.8     
5 0.5       
waste 
activated 
sludge 
1 2 ± 1.7 172% 
BDL (< 0.6 ng/L) 
2 1.2 ± 0.5 73% 
3 1.8 ± 1.5 166% 
4 0.9 ± 0.8 173% 
5 1.4 ± 1.2 165% 
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Table B-4. Average Flow Rate Over 5-day Sampling Period in Process Streams of the 
Wastewater Treatment Plant and the Constructed Wetland. Error Values Shown 
Represent Standard Deviations (SDs) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
process stream 
flow rate 
(MLD) 
wastewater treatment plant   
      influent 243.8 ± 4.1 
      primary effluent 241.9 ± 4.1 
      secondary effluent 240.2 ± 3.8 
      disinfection effluent 240.2 ± 3.8 
engineered wetland   
      influent 283.6 ± 7.6 
      effluent 247.2 ± 14.6 
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Partitioning Coefficients for Neonicotinoids in Sludge and Linear Relationship with 
KOW 
Partitioning coefficients for neonicotinoids in sludge are tabulated in Table S5. A 
linear relationship between partitioning coefficient KD and n-octanol water partition 
coefficient (KOW) was obtained as shown in Figure B-2.  
Table B-5. KD values for sludge 
analyte Log KOW 
KD for sludge, 
L/Kg 
log KD for sludge 
acetamiprid 0.80 21.12 1.32 
clothianidin 0.91 15.99 1.20 
dinotefuran -0.55 2.17 0.34 
imidacloprid 0.57 15.68 1.20 
thiacloprid 1.26 28.28 1.45 
thiamethoxam -0.13 2.36 0.37 
 
 
Figure B-2. Linear relationship between log KD and log KOW 
y = 0.69x + 0.65
R² = 0.93
0.00
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1.00
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Table B-6. Estimation of sorbed concentration onto sludge particulate 
imidacloprid PS WAS 
average daily aqueous concentration in decant, ng/L 22.3 ± 5.7 30.7 ± 3.1 
average daily predicted sorbed concentration, ng/kg 481.4 ± 46.9 349.9 ± 89.7 
total mass, grams/5 days 0.6 0.2 
mass in sludge/ influent mass 0.9% 0.3% 
 
acetamiprid PS WAS 
average daily aqueous concentration in decant, ng/L 1.0 ± 0.7 1.5 ± 1.4 
average daily predicted sorbed concentration, ng/kg 20.8 ± 11.7 31.4 ± 28.7 
total mass, grams/5 days 0.02 0.02 ± 0.01 
mass in sludge/ influent mass 0.4% 0.4% 
 
clothianidin PS WAS 
average daily aqueous concentration in decant, 
ng/L 
115.3 ± 190.9 47.6 ± 84.8 
average daily predicted sorbed concentration, 
ng/kg 
1843.6 ± 3053.2 760.7 ± 1356.3 
total mass, grams/5 days 2.2 0.8 ± 0.2 
mass in sludge/ influent mass 1.2% 0.5% 
PS, primary sludge; WAS, waste activated sludge 
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Figure B-3. Mass and concentrations of imidacloprid and acetamiprid in engineered 
wetland streams, implying persistence to treatment. 
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APPENDIX C 
SUPPLEMENTAL MATERIAL FOR CHAPTER 3 
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Figure C-1. Regulatory actions on fipronil applications taken worldwide 23-27 
 
Sample Characteristics and Selection 
Thirty-five randomly selected samples originated from the 2001 National Sewage 
Sludge Survey from WWTPs representing a spectrum of flow volumes treated and sludge 
processes employed (11 performing aerobic sludge digestion and 24 performing 
anaerobic sludge digestion). Three WWTPs received greater than 378 million liters per 
day (MLD) (100 million gallons per day (MGD)), 10 WWTPs received 37.8-378 MLD 
(10-100 MGD), and 22 WWTPs received less than 37.8 MLD (10 MGD). Fifty sludge 
samples collected in the 2006/7 survey featured 18 WWTPs performing anaerobic 
digestion and 32 WWTPs performing other/no treatment (no sludge digestion, chemical 
treatment by lime, ferric chloride and polymer addition, and/or aerobic sludge digestion), 
with treatment capacity ranging from greater than 378 MLD (n=7) to 37.8-378 MLD 
(n=12) to less than 37.8 MLD (n= 31). Twenty-four samples collected by our team in 
2015/6 included 17 WWTPs performing anaerobic digestion and the rest performing 
other or no sludge treatment, with treatment capacity ranging from >378 MLD (n=8) to 
37.8-378 MLD (n=10) to less than 37.8 MLD (n=6). Twelve WWTPs providing 
composite influent and effluent samples in 2015/6 featured – only activated sludge 
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treatment (n=7), activated sludge treatment with nutrient removal (n=5), and filtration 
(total, n=4; granular-media effluent filtration, n=3; sand filtration, n=1). Exact locations 
and names of WWTPs were not to be disclosed.  
Standards and Reagents 
High performance liquid chromatography (HPLC) grade methanol, acetonitrile, 
acetone, hexane and water were purchased from Sigma-Aldrich Corp., St. Louis, MO, 
USA. Analytical standards of fipronil, and fipronil-desulfinyl were obtained from Sigma-
Aldrich Corp., St. Louis, MO, USA. Analytical standards of fipronil sulfide, –sulfone, 
and –amide were obtained from Bayer and BASF. Labeled 13C4 15N2 fipronil, 13C4 15N2 
fipronil sulfone, and 13C4 15N2 fipronil sulfide were bought from Toronto Research 
Chemicals, Ontario, Canada and Cambridge Isotope Laboratories, Inc., Tewksbury, MA, 
USA, respectively. Stock solutions of analytical standards were prepared in acetonitrile 
and stored at –20˚C.   
Sample Extraction 
 Sludge samples were dried using a stream of nitrogen and then spiked with 40 ng 
of 13C4 15N2 fipronil, 13C4 15N2 fipronil sulfone, and 13C4 15N2 fipronil sulfide isotopes per 
gram dry weight sludge. Later one gram of solids were extracted with 10 mL methanol by 
shaking for 24 hours followed by 60 minutes of sonication, and 10 mL acetone by 90 
minutes of sonication. Obtained extracts were mixed, dried, and reconstituted with 4 mL 
Hexane:Acetone mixture (98/2, v/v). Florisil cleanup was performed with a sorbent bed 
featuring a blend of magnesium oxide and silica gel (Sep-Pak Vac Florisil Cartridge 6 
cc/1 g sorbent, Waters Corporation, Milford, MA) to cleanup the samples. Details of the 
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cleanup can be found elsewhere.34, 103 Lastly cleaned extracts were dried, reconstituted to 
one mL solution of water and acetonitrile (50/50, v/v), and analyzed with LC-MS/MS.   
 Unfiltered 500 mL wastewater samples were spiked with 40 ng of 13C4 15N2 
fipronil, 13C4 15N2 fipronil sulfone, and 13C4 15N2 fipronil sulfide isotopes. Later samples 
were loaded on Strata XL cartridge (Strata XL 500 mg/3 mL, Phenomenex, Torrance, 
CA) using an Autotrace 280 (Thermo Scientific Dionex, Sunnydale, CA). Further details 
about the extraction can be found elsewhere.34, 103 
 
Table C-1. Liquid chromatography gradient used (Column: XBridge C8-column (3.5-µm 
particle size, 2.1 mm × 100 mm; Waters); Injection volume: 50 µL; Flowrate: 0.2 
mL/min; Mobile phase: gradient of water and methanol) 
Time %Methanol 
0 50 
1 50 
4 90 
10 90 
12 50 
14 50 
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Table C-2. Mass spectrometric parameters used for the detection of analytes and isotope-
labeled surrogate standards employed.34, 103  
analyte 
Q1 
(m/z) 
Q3  
(m/z) 
Q3’ 
(m/z) 
DP 
(V) 
CE 
(V) 
EP 
(V) 
CXP 
(V) 
fipronil 434.9 329.9 250.0 -70 -10 -24 -5 
-sulfone 450.8 281.8 414.7 -70 -10 -40 -4 
-sulfide 418.7 382.8 262.1 -75 -10 -18 -5 
-desulfinyl 386.8 350.8 281.8 -65 -10 -18 -17 
-amide 452.8 347.8 303.8 -55 -10 -22 -13 
internal standards 
       
fipronil (13C215N2)  438.8 333.8 254.0 -65 -10 -24 -13 
-sulfone (13C415N2)  456.8 420.5 287.6 -75 -10 -24 -15 
-sulfide (13C4 15N2) 424.8 388.9 264.8 -55 -10 -40 -7 
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Table C-3. Method detection limit (MDL), detection frequency (df) and detected 
concentrations of fipronil and its degradates in United States sludge. 
  concentration, µg/kg dry weight 
    Fipronil sulfone sulfide amide desulfinyl Total 
  MDL 0.02 0.1 0.1 0.3 0.1 - 
2001 min 0.04 1.3 1.2 0.9 0.2 2.9 
(n = 35) mean 9.2 18.3 16.4 2.3 0.5 43.1 
  median 6.6 11.6 10.2 2.6 0.5 26.8 
  max 44.3 56.0 113.4 3.8 1.3 177.8 
  df 100% 100% 91% 23% 46% 100% 
2006-07  min 0.1 0.1 1.5 0.4 0.3 0.2 
(n = 50) mean 31.4 53.4 35.6 4.6 1.5 116.4 
  median 12.7 37.5 27.5 4.0 1.0 81.7 
  max 191.8 208.6 149.2 18.7 3.7 385.3 
  df 100% 100% 84% 22% 46% 100% 
2015-16  min 0.3 2.2 0.9 1.1 0.4 4.9 
(n = 24) mean 17.0 45.0 27.5 3.7 2.0 91.1 
  median 10.2 40.0 21.0 2.2 1.7 75.1 
  max 62.7 110.1 114.7 7.9 6.6 240.5 
  df 100% 100% 100% 21% 63% 100% 
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Table C-4. p values for two tailed t-test and non-parametric Mann-Whitney U test 
Compared datasets 
p value 
two tailed t-test Mann-Whitney U test 
Sampling campaign 
2001 2006/7 0.000 0.000 
2001 2015/6 0.001 0.004 
2006/7 2015/6 0.275 0.453 
Fiprole levels in sludge and agricultural practices of Fipronil 
In areas with 
agricultural usage 
In areas with no-
agricultural usage 
0.215 0.272 
Fiprole levels in sludge in U.S.EPA regions from 2006-2016 
EPA regions 1,4,5,7 
EPA regions 
2,3,6,8,9,10 
0.000 0.001 
Fiprole levels and sludge treatment  
Anaerobically 
digested sludge 
Other/no 
treatment sludge 
0.519 0.548 
Molar distribution 
Fipronil 0.000 0.007 
sulfone 0.472 0.313 
sulfide 0.000 0.000 
amide 0.115 0.009 
desulfinyl 0.115 0.696 
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Table C-4. p values for two tailed t-test and non-parametric Mann-Whitney U test 
(Continued.) 
Compared datasets 
p value 
two tailed t-test Mann-Whitney U test 
Fiprole Occurrence in Sludge as a Function of WWTP Size 
less than 10 MGD 
greater than 10 
MGD 
  
2001(flowrate) 0.486 0.838 
2006/7 (flowrate) 0.412 0.587 
2006/7 (capacity) 0.152 0.184 
2015/6 (flowrate) 0.216 0.315 
2015/6 (capacity) 0.821 1.000 
All samples (2001-2016; flowrate) 0.236 0.575 
All samples (2006-2016; capacity) 0.084 0.168 
Fiprole levels in wastewater 
Treatment plants performing no anthracite and sand bed filtration 
Influent  Effluent  0.480 0.965 
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Figure C-2. Concentrations of fipronil and its major degradates in sludge produced by 
different treatments; all treatments other than anaerobic treatment (e.g., aerobic digestion, 
no digestion, and chemical treatment) were considered to constitute other/no treatment). 
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Figure C-3. Linear correlation analysis of concentration data on fipronil and its 
degradates in anaerobically and non-anaerobically digested U.S. sewage sludge. 
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Table C-5. Linear regression equations for concentrations of fipronil and its degradates 
extent in anaerobically digested and non-anaerobically digested sewage sludge. 
 anaerobically digested (n=58) other/no treatment (n=51) 
 Linear regression 
equation 
R2 
Linear regression 
equation 
R2 
Fipronil à sulfone y = 0.58x + 0.91 0.58 y = 0.50x + 0.91 0.49 
Fipronil à sulfide y = 0.47x + 0.94 0.40 y = 0.19x + 0.86 0.07 
Fipronil à desulfinyl y = 0.40x – 0.40 0.31 y = 0.19x – 0.11 0.14 
sulfone à sulfide y = 0.84x + 0.14 0.72 y = 0.97x – 0.34 0.64 
sulfone à desulfinyl y = 0.72x – 1.17 0.60 y = 0.52x – 0.71 0.45 
sulfide à desulfinyl y = 0.69x – 1.06 0.44 y = 0.38x – 0.36 0.43 
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Figure C-4. Fipronil degradation pathways 
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and total fiproles occurrence in sludge 
Fipronil
-sulfone -sulfide
-amide -desulfinyl
Aerobic 
transformation
Anaerobic 
transformation
PhotolysisHydrolysis
lo
g 
(w
as
te
w
at
er
 fl
ow
ra
te
), 
M
G
D
log (total fiproles), µg/kg dw
y = -0.04x + 1.74
R² = 0.005
0.0
0.5
1.0
1.5
2.0
2.5
3.0
-1.0 0.5 2.0 3.5
  
157 
Nationwide Annual Environmental Emission Calculations 
Accumulated/sequestered in sludge, kg/year = mean sludge concentrations, µg/kg dry 
weight X annual sludge generation, million metric tons 
Emissions via effluent discharge, kg/year = mean effluent concentrations, µg/L X annual 
wastewater treated, billion liters 
 
Environmental Emission through Sludge Application 
 
Figure C-6. Fiproles emissions resulting from land application of sewage sludge. 
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Table C-6. Detected concentrations of fipronil and its degradates in influent and effluent 
samples obtained from 12 U.S. wastewater treatment plants in 2015/6 (ng/L). 
 Influent, ng/L 
WWTP Fipronil sulfone sulfide amide desulfinyl 
Total 
fiproles 
1 122.3 8.7 1.7 < 2 < 2 132.5 
2 82.0 7.8 12.0 10.7 < 2 112.3 
3 63.4 6.8 3.8 9.1 < 2 82.7 
4 43.1 7.2 2.3 2.1 < 2 54.4 
5 33.5 5.9 < 1 < 2 < 2 39.2 
6 3.8 1.7 < 1 < 2 < 2 5.5 
7 55.0 10.0 1.7 13.7 < 2 79.7 
8 1.1 0.6 < 1 < 2 < 2 1.7 
9 26.8 2.4 < 1 < 2 < 2 29.1 
10 106.7 10.7 < 1 2.1 < 2 119.0 
11 8.0 1.8 < 1 < 2 < 2 9.8 
12 76.8 7.4 < 1 < 2 < 2 84.0 
Min 1.1 0.6 1.7 2.1 < 2 1.7 
Mean 51.9 5.9 4.3 7.6 < 2 62.5 
Max  122.3 10.7 12.0 13.7 < 2 132.5 
df 100% 100% 42% 42% 0% 100% 
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Table C-6. Detected concentrations of fipronil and its degradates in influent and effluent 
samples obtained from 12 U.S. wastewater treatment plants in 2015/6 (ng/L) (Continued.) 
 Effluent, ng/L 
WWTP Fipronil sulfone sulfide amide desulfinyl 
Total 
fiproles 
1 93.1 10.5 5.8 1.2 2.3 112.9 
2 42.7 11.2 3.2 17.0 1.7 75.0 
3 3.5 1.0 1.3 3.7 0.7 10.2 
4 33.0 7.5 7.1 1.3 0.6 49.5 
5 34.9 6.0 1.1 0.6 0.6 43.1 
6 14.8 2.2 0.6 1.7 < 0.2 19.2 
7 60.4 10.5 1.3 13.2 0.4 85.1 
8 1.1 0.7 0.1 < 0.1 < 0.2 1.9 
9 29.1 3.0 0.3 < 0.1 1.4 33.9 
10 39.4 7.7 1.5 0.8 6.2 56.1 
11 5.5 2.3 0.1 0.2 0.9 9.2 
12 0.03 0.2 < 0.1 < 0.1 < 0.2 0.3 
Min 0.03 0.2 0.1 0.2 0.4 0.3 
Mean 29.8 5.2 2.0 4.4 1.7 41.4 
Max  93.1 11.2 7.1 17.0 6.2 112.9 
df 100% 100% 92% 75% 75% 100% 
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APPENDIX D 
SUPPLEMENTAL MATERIAL FOR CHAPTER 4 
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Figure D-1. Relative distribution of the mass of imidacloprid, fipronil and major 
degradates between the dissolved and sorbed state (suspended solids) of wastewater 
influent samples (n=8). Error bars represent standard deviation among 8 samples.	
 
Data Statistics  
 A paired two tailed t-test was performed (α = 0.05) to compare influent and 
effluent concentration. Differences were determined at the p < 0.05 significance level. 
Shapiro-Wilk test was performed to assess the normality of the data. For comparison of 
all fipronil related compounds in aqueous phase influent and effluent at all eight WWTPs, 
p value for Shapiro-Wilk test was 0.17, and p value for a paired two tailed t-test was 0.95. 
For comparison of imidacloprid concentration in influent and effluent at seven WWTPs, 
p value for Shapiro-Wilk test was 0.18, and p value for a paired two tailed t-test was 0.49.  
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Instrument Selection for the Analysis of Fipronil and Its Degradates  
Fipronil and degradates – sulfone, sulfide and amide showed higher sensitivity on 
LC-MS/MS, and desulfinyl on GC-MS/MS. Considering isotope dilution method was 
used, matrix effects were not a considerable concern. Therefore, analytes were analyzed 
with separate instruments to achieve the best result. 
 
Table D-1. Mass Spectrometric Parameters for the Detection of Analytes and Isotope-
Labeled Surrogate Standards  
 
 
 
analyte Q1 (m/z) Q3  (m/z) Q3’(m/z) DP (V) CE(V) EP (V) CXP (V)
imidacloprid 256 175.1 209.2 50 30 10 8
fipronil 434.9 329.9 250.0 -70 -10 -24 -5
-sulfone 450.8 281.8 414.7 -70 -10 -40 -4
-sulfide 418.7 382.8 262.1 -75 -10 -18 -5
-amide 386.7 350.8 281.9 -70 -10 -40 -9
-desulfinyl 384.9 305.8 254.7 -110 -6 -28 -15
internal standards
imidacloprid-d4 260.1 213.1 179.2 76 25 6 14
fipronil (13C215N2) 438.8 333.8 254 -65 -10 -24 -13
-sulfone (13C415N2) 456.8 420.5 287.6 -75 -10 -24 -15
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Table D-2. Method detection limit in different matrices and Octanol-Water Partition 
Coefficient (KOW) 
analyte 
MDL 
Log K
OW
 wastewater solids 
ng/L ng/g 
Imidacloprid 0.6 1.1 - 0.41 
Fipronil 0.1 0.1 4.00 
sulfide 0.2 0.1 4.42 
sulfone 0.1 0.1 4.82 
amide 0.3 0.1 5.43 
desulfinyl 0.8 0.2 4.22 
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Table D-3. Total detected concentrations of fipronil and its degradates in influent and 
effluent samples obtained from 8 wastewater treatment plants in northern California in 
2015 (ng/L). 
WWTP 
Fipronil sulfone sulfide amide desulfinyl 
inf eff inf eff inf eff inf eff inf eff 
SFTP 13.3 14.3 4.1 1.1 2.5 1.3 <0.3 0.6 <0.8 <0.8 
PARP 59.2 31.2 21.1 10.4 1.5 1.7 <0.3 2.5 <0.8 <0.8 
SJSC 54.5 42.9 26.6 16.3 2.0 1.8 <0.3 1.1 <0.8 <0.8 
SLWP 45.3 36.6 24.0 12.3 0.8 1.6 <0.3 1.4 <0.8 <0.8 
SMWP 82.2 48.3 31.2 12.7 3.4 2.5 <0.3 0.7 <0.8 <0.8 
EBMUD 61.7 44.3 22.1 7.6 2.1 1.5 <0.3 <0.3 <0.8 <0.8 
FSSD 49.6 34.4 16.7 11.4 0.9 1.9 <0.3 4.1 <0.8 <0.8 
CCSD 88.1 48.6 28.2 9.8 5.2 2.0 <0.3 2.4 1.0 1.2 
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Table D-4. Aqueous and sorbed phase concentration of fipronil and its degradates in 
influent samples obtained from 8 wastewater treatment plants in northern California in 
2015. 
WWTP 
Fipronil sulfone sulfide 
aqueous 
phase, 
ng/L 
sorbed 
phase, 
ng/g 
aqueous 
phase, 
ng/L 
sorbed 
phase, 
ng/g 
aqueous 
phase, 
ng/L 
sorbed 
phase, 
ng/g 
SFTP 8.6 4.7 1.1 3.0 < 0.2 2.5 
PARP 47.0 37.9 7.8 41.4 < 0.2 4.5 
SJSC 42.1 41.6 7.3 58.2 < 0.2 6.3 
SLWP 30.9 27.9 7.9 31.3 < 0.2 1.6 
SMWP 60.9 51.7 10.3 50.7 < 0.2 8.3 
EBMUD 45.5 47.6 5.4 49.1 < 0.2 6.1 
FSSD 42.7 28.9 7.7 38.3 < 0.2 3.6 
CCSD 74.9 42.3 11.9 52.2 < 0.2 16.6 
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Table D-5. Molar distribution of fipronil and its degradates in treatment streams of 8 
WWTPs in northern California in 2015. 
 
influent - particulates 
WWTP Fipronil sulfone sulfide amide desulfinyl 
SFTP 46% 28% 26% 0% 0% 
PARP 46% 48% 6% 0% 0% 
SJSC 40% 54% 6% 0% 0% 
SLWP 47% 51% 3% 0% 0% 
SMWP 47% 45% 8% 0% 0% 
EBMUD 47% 47% 6% 0% 0% 
FSSD 42% 53% 5% 0% 0% 
CCSD 38% 46% 16% 0% 0% 
 
influent - dissolved phase 
SFTP 89% 11% 0% 0% 0% 
PARP 86% 14% 0% 0% 0% 
SJSC 86% 14% 0% 0% 0% 
SLWP 80% 20% 0% 0% 0% 
SMWP 86% 14% 0% 0% 0% 
EBMUD 90% 10% 0% 0% 0% 
FSSD 85% 15% 0% 0% 0% 
CCSD 86% 13% 0% 0% 1% 
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Table D-5. Molar distribution of fipronil and its degradates in treatment streams of 8 
WWTPs in northern California in 2015 (Continued.) 
 
influent - total 
WWTP Fipronil sulfone sulfide amide desulfinyl 
SFTP 67% 20% 13% 0% 0% 
PARP 73% 25% 2% 0% 0% 
SJSC 67% 30% 3% 0% 0% 
SLWP 65% 33% 1% 0% 0% 
SMWP 71% 26% 3% 0% 0% 
EBMUD 72% 25% 3% 0% 0% 
FSSD 74% 24% 1% 0% 0% 
CCSD 73% 23% 4% 0% 1% 
 
effluent - total 
WWTP Fipronil sulfone sulfide amide desulfinyl 
SFTP 83% 6% 8% 3% 0% 
PARP 69% 22% 4% 5% 0% 
SJSC 70% 25% 3% 2% 0% 
SLWP 71% 23% 3% 3% 0% 
SMWP 76% 19% 4% 1% 0% 
EBMUD 83% 14% 3% 0% 0% 
FSSD 67% 21% 4% 8% 0% 
CCSD 76% 15% 3% 4% 2% 
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Table D-5. Molar distribution of fipronil and its degradates in treatment streams of 8 
WWTPs in northern California in 2015 (Continued.) 
 
sludge 
WWTP Fipronil sulfone sulfide amide desulfinyl 
SFTP 5% 42% 50% 3% 0% 
PARP 55% 42% 3% 0% 0% 
SJSC 4% 62% 32% 3% 0% 
SLWP 7% 65% 27% 1% 0% 
SMWP 12% 58% 29% 1% 0% 
EBMUD 4% 50% 45% 1% 0% 
FSSD 13% 61% 25% 1% 0% 
CCSD 48% 44% 6% 1% 0% 
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Sample Collection and Analysis, 2014 
Influent and effluent fipronil samples were 24-hr composites collected by the 
respective WWTP in fall 2014. Composites were transferred to 1 L amber glass 
containers. Neither disinfectant nor preservative (Kathon CG/ICP) was added to the 
samples. Samples were refrigerated below 4o C and shipped overnight to the California 
Department of Fish and Wildlife’s Water Pollution Control Laboratory (WPCL; Rancho 
Cordova, CA, USA) within 7 days of collection. 
The WWTP influent and effluent samples were analyzed for fipronil, fipronil 
desulfinyl, fipronil sulfide, fipronil sulfone, fipronil amide, and fipronil desulfinyl amide 
using WPCL Method LC-007. A 500 mL aliquot was pre-filtered using Whatman #5 
filter paper, 2.5 µm particle retention. The aliquot was then passed then through a pre-
conditioned solid phase extraction cartridge (6 cc Waters Oasis HLB cartridge). The 
sample was eluted with methanol and 0.1% formic acid, evaporated under nitrogen, and 
brought up to a final volume of 2 mL with methanol. The extract was then filtered into a 
vial using a 13mm syringe filter with 0.45 µm PTFE membrane. The analysis was 
performed on an Agilent 1200 series LC system with a G6410A QQQ Mass Spectrometer 
with electrospray ionization in negative polarity. A Phenomenex, Kinetex XB-C18, 2.1 x 
100 mm, 2.6 µm column was used. 
This method has limitations compared to that used for samples collected in 2015 
and discussed in the main text, including the lack of isotopically labeled standards. 
Recoveries determined on matrix spikes were within 35% of expected values, with the 
exception of fipronil desulfinyl amide (56%). Recoveries determined on blank spikes 
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were within 20% of expected values. However, field replicates, especially for influent, 
varied as much as two-fold, suggesting these measurements are semi-quantitative. The 
method detection limit (MDL) was 0.5 ng/L for all analytes. Two of the six analytes, 
fipronil amide and fipronil desulfinyl amide, were not detected in samples from all eight 
WWTPs. 
 
Table D-6. Detected concentrations (ng/L) of fipronil and its degradates in influent and 
effluent samples obtained from 8 wastewater treatment plants in northern California in 
2014. Fipronil amide and fipronil desulfinyl amide were not detected above the method 
detection limit (0.05 ng/L). See Sample Collection and Analysis, 2014, below, for further 
information. 
 
Fipronil sulfone sulfide desulfinyl 
WWTP inf eff inf eff inf eff inf eff 
SFTP 10 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5  <0.5  
PARP 70 50 8 3 <0.5 <0.5  <0.5  <0.5  
SJSC 125 107 8 5 2 1 <0.5  <0.5  
SLWP 111 50 8 10 <0.5 3 <0.5  <0.5  
SMWP 45 98 5 9 1.9 3 <0.5  1.7 
EBMUD 56 75 12 6 3.5 <0.5  5.5 2 
FSSD 71 40 12 7 2 2 <0.5  8 
CCSD 146 93 16 11 3 3 3 14 
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Table D-7. Detected concentrations of imidacloprid in influent and effluent samples 
obtained from 8 wastewater treatment plants in northern California in 2015.  
WWTP 
Imidacloprid, ng/L 
influent effluent 
SFTP 58.1 177.6 
PARP 109.4 100.1 
SJSC 206.9 264.9 
SLWP 261.4 219.9 
SMWP 171.8 150.8 
EBMUD 306.1 305.2 
FSSD 110.5 83.8 
CCSD 149.5 127.4 
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Table D-8. WWTP service area drinking water suppliers and their water supply 
characteristics. 
WWTP WWTP Service 
Area Drinking 
Water Supplier(s)  
Are there agricultural, urban runoff or wastewater 
influences on water supply? 
SFTP San Francisco 
Public Utilities 
Commission 
(SFPUC) 
No. 
SFTP and SMWP receive water from a pipeline 
coming from the Hetch Hetchy Reservoir and 
Alameda County watersheds. The SFPUC water 
supply is free of wastewater discharges and virtually 
unaffected by urban or agricultural runoff.1  
SMWP SFPUC 
 
SLWP East Bay 
Municipal 
Utilities District 
(EBMUD) 
Very Limited. 
Typically supplied almost entirely by sources with 
little or no urban or agricultural use in the watershed. 
However, during summer 2015, a limited amount of 
water was sourced from the Sacramento River at 
Freeport,2 which is influenced by upstream 
agricultural and urban runoff as well as wastewater 
discharges.3 USGS monitored the Sacramento River 
twice monthly for two years near the intake and only 
detected fipronil and imidacloprid during a single 
large winter storm event, with RLs of 4.9 ng/L 
(imidacloprid) and 2.9 ng/L (fipronil), 1.8 (fipronil 
sulfide), 3.5 (fipronil sulfone), 1.6 ng/L (desulfinyl 
fipronil).4 
EBMUD EBMUD 
PARP SFPUC (≈75%), 
Santa Clara 
Valley Water 
District 
(SCVWD) 
(<20%); local 
groundwater 
(<10%) 
Very Limited.  
Non-SFPUC water supplies may show limited 
influence of agricultural and urban runoff and 
wastewater. 
SJSC SFPUC, 
SCVWD, local 
groundwater, San 
Jose Water 
Company 
reservoir 
Very Limited.  
Non-SFPUC water supplies may show limited 
influence of agricultural and urban runoff and 
wastewater. 
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Table D-8. WWTP service area drinking water suppliers and their water supply 
characteristics. (Continued.) 
WWTP WWTP Service 
Area Drinking 
Water Supplier(s)  
Are there agricultural, urban runoff or wastewater 
influences on water supply? 
FSSD Solano Water 
Project (Lake 
Berryessa), State 
Water 
Project/North 
Bay Aqueduct; 
local 
groundwater 
(limited use) 
 
Yes. 
Lake Berryessa has very limited urban or agricultural 
activity in its watershed. The State Water Project / 
North Bay Aqueduct water supply is the San Joaquin / 
Sacramento River Delta, which is influenced by 
upstream agricultural and urban runoff and wastewater 
discharges.5 
CCSD EBMUD (>50%), 
Contra Costa 
Water District 
(CCWD) 
Yes. 
The CCWD water supply is the San 
Joaquin/Sacramento River Delta, which is influenced 
by upstream agricultural and urban runoff and 
wastewater discharges.5 
 
1 San Francisco Public Utilities Commission (SFPUC) 2008.  San Francisco Water 
Quality Protection Plan. 
2 EBMUD Water Operations Department (2015). Water Supply Briefing. May. 
3 Starr Consulting (2015). Sacramento River Watershed Sanitary Survey 2015 Update 
Report. December. 
4 Orlando, J.L., McWayne, Megan, Sanders, Corey, and Hladik, Michelle, 2014, 
Dissolved pesticide concentrations entering the Sacramento–San Joaquin Delta from 
the Sacramento and San Joaquin Rivers, California, 2012–13: U.S. Geological Survey 
Data Series 876, 28 p., http://dx.doi.org/10.3133/ds876. 
5 CALFED Bay-Delta Program (2005). Delta Region Drinking Water Quality 
Management Plan. June. 
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Table D-9. Chironomus dilutus - hazard quotient (HQ) of the influent and effluent 
aqueous wastewater streams. HQ calculation does not consider degradates amide and 
desulfinyl.  
HQStream = 
Ystuvwxty	zz +	 Y|}yswx~	 +	Y|}yst~	mb  
WWTP HQ effluent / HQ influent 
SFTP 1.8 
PARP 1.0 
SJSC 1.6 
SLWP 1.5 
SMWP 1.1 
EBMUD 1.2 
FSSD 1.2 
CCSD 0.8 
 
Kathon CG/ICP 
In this study 600 mg/L of Kathon CG/ICP (purchased from Sigma-Aldrich Corp., 
St. Louis, MO, USA) preservative was added to wastewater to disinfect the samples. 
During method development, potential for interference of Kathon CG/ICP with detection 
was tested in deionized water, synthetic wastewater (made of peat moss) and wastewater. 
Results showed that Kathon CG/ICP did not interfere with the LC-MS/MS and GC-
MS/MS measurement of insecticides.  
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Comparison of Gel Product Fipronil Content to Influent Load 
The highest concentration (0.05%) fipronil crack and crevice gel products was 
identified from the California Department of Pesticide Regulation database of registered 
pesticide products. This product is packaged in “professional-sized” 33 g applicator units 
that, at 0.05% fipronil by weight, each contain 0.0165 g fipronil. At the seven 
community-serving WWTPs, daily influent fipronil loads measured were 0.7 g (SLWP) 
to 19.9 g (SJSC) fipronil, the equivalent of the fipronil content of 40 to 1,200 tubes of this 
gel product. 
Estimated Influent Load per Fipronil-Treated Dog 
Per capita dog ownership was estimated to be 0.24 dog / person on the basis of the 
July 1 2015 US population of 321 million and total US dog ownership of 77.8 million. 
An estimated 75% of pet owners use flea/tick treatment products. Fipronil’s market share 
among these products was roughly estimated at 30% based on product registration data, a 
retail shelf survey and interviews of northern California dog owners. On this basis, an 
estimated 22% of all dogs receive fipronil treatments, which translates to 0.055 fipronil-
treated dogs / person. The median daily per capita fipronil influent load (17 
µg/person*day) divided by 0.055 fipronil-treated dogs / person generates an estimated 
daily fipronil load for per fipronil-treated dog of 300 µg. 
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APPENDIX E 
SUPPLEMENTAL MATERIAL FOR CHAPTER 5 
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METHODS 
Nationwide Fipronil Usage Inventory.  
Annual nationwide agricultural usage of fipronil was calculated according to Equation 1 
by averaging minimum and maximum values of agricultural usage (EPest-high and EPest-low) 
extracted from the United States Geological Survey (USGS) database.109  
UsageAg = 
~|]t`	~|]ywM       (1) 
where, UsageAg is the nationwide agricultural fipronil usage; EPest-low is the estimated 
pesticide use based on reported values, with non-reported usages assumed to be zero; and 
EPest-high being the estimated overall pesticide use, including unreported use in non-
reporting counties accounted for by using values from neighboring crop reporting 
districts. 
A comparable nationwide inventory of non-agricultural usage of fipronil does not exist. 
Therefore, statewide data collected by the California Department of Pesticide Regulation 
(CDPR) were extrapolated to the nationwide scale.13 CDPR keeps an inventory of its 
agricultural usage and major non-agricultural pesticide uses such as fumigation, 
regulatory pest control, rights of way, structural pest control, landscape maintenance, and 
pet flea and tick treatment products. Based on the CDPR databases, fipronil is identified 
to have non-agricultural applications in structural termite control, landscape maintenance, 
and in the treatment of fleas and ticks on pets with so-called spot-on products.  
  
178 
California-specific fipronil usage rates for structural pest control are linked to rates of 
new housing construction. Similar pesticide use for termite control in construction 
enabled an extrapolation of CA fipronil uses to nationwide usage rates, using publically 
available nationwide housing construction data14, 15 as shown in Equation 2. 
UsageSPC = HUU.S. x  
TZ;	           (2) 
where, UsageSPC is the nationwide fipronil usage for structural pest control; UsageSPC;CA 
is the fipronil usage for structural pest control in California; HUU.S. is the number of new 
housing units built nationwide per year; and HUCA is the number of new housing units 
built in California per year. 
Nationwide fipronil usage for landscape maintenance was extrapolated from California 
data using both population and area data, and using the average of the two estimates 
(Equation 3).  
UsageLM = 
.Z.		|^`~,wuM  + T.Z.		
|^`~,v~^M     (3)  
where UsageLM is the nationwide fipronil usage for landscape maintenance per year; 
UsageLM,CA is the fipronil usage for landscape maintenance in California; PopU.S. is the 
U.S. population of a given year; PopCA is the California population of a given year; 
AreaU.S. is the U.S. land area; and AreaCA is the land area of California. 
Nationwide fipronil usage in the U.S. for pet products was estimated with a population-
based extrapolation of California usage using Equation 4:  
UsagePet = 𝑃𝑜𝑝.X.	𝑥	 T~],        (4) 
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where UsagePet is the nationwide fipronil usage for pet flea and tick treatment and 
UsagePet,CA is the California fipronil usage for pet flea and tick treatment. 
Assumptions. The above calculations required the following set of assumptions, 
(i) Insecticide uses in landscape maintenance and structural pest control of California are 
similar to average nationwide usage practices (ii) California cat and dog ownership rates 
of 28.3% and 32.8%, respectively, are similar to average nationwide ownership of 30.4% 
and 36.5%, respectively.16 Therefore, nationwide pet treatment product usage may be 
estimated using as input population count-normalized information for California; (iii) The 
mass of fiproles in wash-off from the application of pet products is reflected in 
wastewater nationwide;102-104 and mean levels of fiproles in sludge in California (n=10) 
and other nationwide locations (n=14) are not statistically different, as indicated by 
results performed with a two-tailed t-test (p=0.64).  
 
Nationwide Inventory of Fiprole Emissions to U.S. Surface Waters.  
Fipronil residues (fipronil and its major degradates) are emitted to U.S. surface waters via 
agricultural runoff (from agricultural usage), urban runoff/stormwater discharge (from 
structural applications and landscape maintenance), and from treated wastewater 
discharged by wastewater treatment plants. 
Based on the USGS-reported agricultural usage of fipronil in the U.S.11 and average 
edge-of-field agricultural runoff,149 the nationwide mass of fipronil residue runoff was 
estimated using Equation 5.  
  
180 
Mag-runoff = Fag-runoff x UsageAg          (5) 
where Mag-runoff is the mass of fipronil residues in agricultural runoff and Fag-runoff is the 
average fraction of fipronil mass potentially lost from the edge-of-field. 
Nationwide emissions from structural applications and landscape maintenance of fipronil 
were projected based on the rate of runoff established by previous studies,93, 94, 150, 165 and 
were calculated using Equation 6. 
Murban-runoff = FSPC&LM-runoff x (UsageSPC + UsageLM)        (6) 
where Murban-runoff is the mass of fipronil residues in urban runoff and FSPC&LM-runoff is the 
average fraction of fipronil mass potentially mobilized into runoff from structural 
applications and landscape maintenance uses. 
Recent studies have established that flea-and-tick control products for pets are majorly 
responsible for the wastewater loading observed nationwide.102-104 therefore, it was 
determined using Equation 7.  
Meff-discharge = FPet-washoff x (1 – Fsludge)         (7) 
where Meff-discharge is the mass of fipronil residues in discharged wastewater, FPet-washoff is 
the mass of fipronil washed-off from pet products, and Fsludge is the fraction of fiprole 
mass sequestered in sewage sludge. 
 
  
181 
APPENDIX F 
FATE OF NEONICOTINOID PESTICIDES DURING WASTEWATER AND 
WETLAND TREATMENT 
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ABSTRACT 
Occurrence and fate of six neonicotinoids (imidacloprid, clothianidin, 
acetamiprid, thiamethoxam, thiacloprid, and dinotefuran) and one degradate 
(acetamiprid-N-desmethyl) were studied in a United States municipal wastewater 
treatment plant (WWTP) and an engineered wetland downstream. Flow-weighted 
samples collected in a five-day monitoring campaign were analyzed by liquid 
chromatography tandem mass spectrometry (LC-MS/MS) using methods of isotope 
dilution and standard addition. Three of the six neonicotinoids were detected. Daily loads 
of imidacloprid and acetamiprid were stable, whereas those of clothianidin varied. 
Detected 5-day average concentrations in WWTP influent and effluent were 54.7 ± 9.3 
and 48.6 ± 8.4 ng/L for imidacloprid, 3.7 ± 0.8 and 1.7 ± 0.5 ng/L for acetamiprid, and 
149.7 ± 273.1 and 116.7 ± 144.9 ng/L for clothianidin, respectively. Concentrations of 
neonicotinoids in digested sludge were below the limit of detection (<2 µg/kg dry 
weight). Wetland monitoring revealed lack of removal for imidacloprid and acetamiprid. 
Hazard quotient (HQ) analysis showed values of larger than unity for imidacloprid (1.4 ± 
0.1) and total neonicotinoids (4.8 ± 4.5) in WWTP effluent. Thus, imidacloprid, 
acetamiprid, and clothianidin were shown to occur in United States wastewater, persist 
during conventional and wetland treatment, and to pose potential risk in effluent-
dominated, receiving surface waters. 
Introduction 
Neonicotinoids are a class of systemic insecticides registered for use in more than 
120 countries .49 Their neurotoxic properties are exploited for control of, for example, 
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aphids, thrips, whiteflies, planthoppers, lepidoptera, and some coleopteran pests. 
Structurally, neonicotinoids are characterized by having an electronegative moiety 
featuring either a nitro or cyano pharmacophore, which imparts its potency by binding to 
a cationic subsite of the insect receptor.51 
Studies have shown that neonicotinoids can negatively affect sensitive non-target 
aquatic invertebrates and pollinators at concentrations in the low parts per billion 
range.53-57 Insectivorous birds also are vulnerable to exposure from consumption of 
contaminated prey.60, 61 During the past decade, environmental contamination with 
neonicotinoids has been observed in surface water at a global scale.64-68, 71 Aside from 
industrial agriculture, neonicotinoids are widely used in domestic pest control and 
horticulture, creating a pathway for the occurrence of neonicotinoids to wastewater. 
However, fate and occurrence of neonicotinoids in sewage are not well studied. As the 
highest selling neonicotinoid in the U.S., imidacloprid has been detected in 9.8% of 
effluent samples (n=102) collected at wastewater treatment plants (WWTPs) in Oregon.69 
However, corresponding samples of plant influent were not collected, rendering 
impossible a determination of the overall removal efficiency of conventional U.S. sewage 
treatment infrastructure in said study. Whereas the presence of neonicotinoids in recycled 
wastewater discharged into U.S. surface waters has been firmly established, the risk 
posed to effluent receiving surface waters by these emerging contaminant has not been 
quantified in great detail yet. 
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The goal of the present study was to determine the occurrence and fate of six 
neonicotinoids and a degradates during conventional wastewater and wetland treatment 
and to quantitatively evaluate the risk posed by residues of this class of pesticides.  
Materials and Methods 
Chemicals and Reagents 
HPLC grade organic solvents and water were purchased from Sigma-Aldrich 
Corp., St. Louis, MO and Thermo Fisher Scientific, Waltham, MA, USA, respectively. 
Analytical standards for six neonicotinoids (imidacloprid, acetamiprid, clothianidin, 
thiamethoxam, thiacloprid, and dinotefuran), one degradate (acetamiprid-N-desmethyl), 
and the deuterated labeled standards (imidacloprid-d4, acetamiprid-d3, and clothianidin-
d3) were obtained from Sigma-Aldrich Corp. (St. Louis, MO). 
Sample Collection 
Sampling was conducted in early December 2014 for a period of five consecutive 
days (3 workweek and 2 weekend days) at an unidentified, conventional sewage 
treatment plant performing activated sludge treatment, chlorine disinfection, and 
anaerobic digestion for sludge treatment and at a wetland located immediately 
downstream. The plant received sewage comprised of 94% domestic wastewater and 6% 
industrial wastewater, and produced Class B+ reclaimed water and Class B biosolids 
(treated sewage sludge fit for application on land). Treated effluent was discharged into 
an engineering wetland prior to discharge into a river. Unit processes performed at the 
WWTP are shown in Figure F-1. Primary sludge and waste activated sludge are digested 
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at 35oC with an average solid retention time of 21 days. Seven portable automated 
samplers (6712 Full-Size Portable Sampler, Teledyne Isco, Lincoln, NE) were 
programmed to collect 2.5 liters of flow-weighted composite samples. After sample 
collection, 600 mg/L of a preservative (Kathon CG/ICP) and ~100 mg/L sodium 
thiosulfate were added and samples were stored at 4oC prior to processing. 
 
Figure F-1. Flow diagram of investigated activated sludge treatment plant. Numbers 
indicate the sampling locations used. Flow-weighted, 24-hour composite samples were 
collected with automatic samplers at locations 1, 2, 3, 4, 5, 8, and 9. At locations 6 and 7, 
grab samples were collected. 
Sample Extraction  
Wastewater samples were spiked with 200 ng each of deuterium-labeled 
neonicotinoid analogs and then loaded onto reverse-phase, functionalized polymeric 
styrene divinylbenzene sorbent resin cartridges (Strata X & XL, 500 mg/3 mL, 
Phenomenex, Torrance, CA) to concentrate study analytes using an automatic solid-phase 
extraction instrument (Dionex AutoTrace 280, Thermo Scientific, Waltham, MA). 
Cartridges were eluted with 8 mL of methanol and formic acid mixture (95:5, v/v). 
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Eluates were evaporated, and reconstituted in a water:methanol mixture (80:20, v/v) 
containing 0.1% formic acid prior to LC-MS analysis. Primary and waste activated 
sludges were centrifuged at 7500 g for 10 minutes, and resultant supernatants were 
analyzed similarly.  
Solids from primary and waste activated sludges, and treated dewatered sludges, 
were dried using a stream of nitrogen and then spiked with 400 ng of isotopes per gram 
dry weight sludge. One gram of solids was extracted with 10 mL acetone by shaking for 
24 hours followed by 1 hour of sonication. Obtained extracts were dried, and solvent was 
exchanged from acetone into 6 mL of hexane. Florisil cleanup was performed with a 
sorbent bed featuring a blend of magnesium oxide and silica gel (Sep-Pak Vac Florisil 
Cartridge 6 cc/1 g sorbent, Waters Corporation, Milford, MA). Analytes were eluted 
sequentially from resin cartridges using 4 mL of methylene chloride followed by 4 mL of 
acetone. Lastly, one mL of serial extracts were mixed, nitrogen dried, and reconstituted 
with one mL of solution consisting of water, methanol and formic acid (80/20/0.1, v/v/v) 
prior to LC-MS/MS analysis.   
Liquid Chromatography and Tandem Mass Spectrometry 
Simultaneous liquid chromatography separation of neonicotinoids (Figure F-2) 
was carried out using a Shimadzu UPLC system using a reverse phase 4.6 x 150 mm C8 
column (XBridge, Waters Corporation Milford, MA, USA). A binary gradient with 
acidified water and methanol (100:0.1, v/v) at a total flow rate of 0.5 mL/min was 
applied. The mobile phase consisted of 20% organic with an initial 1-min ramp of 10% 
min-1, followed by a 6-minute ramp of 10.8% min-1 to 95% organic, where it was held 
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for 3.5 min, resulting in a total run time of 14 min. An API 4000 tandem mass 
spectrometer (ABSciex, Framingham, MA, USA) was operated in positive electrospray 
(ESI+) mode to monitor the first and second most abundant ion transitions for compound 
quantification and qualification, respectively. Analyst software (v1.5, ABSciex, 
Framingham, MA, USA) was used for system control and data analysis.  
 
Figure F-2. Chromatogram displaying the separation and detection of six neonicotinoids 
and degradate acetamiprid-N-desmethyl on C8 column (signal strength obtained for 0.5 
ng of each analyte injected relative to that obtained for thiacloprid). 
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Quantitation and Calibration 
Imidacloprid, acetamiprid, acetamiprid-N-desmethyl, and clothianidin were 
quantified using the method of isotope dilution. Thiacloprid, thiamethoxam, and 
dinotefuran were quantified using the method of standard addition.166 Eight-point 
calibration curves featuring R2 values of greater than 0.99 were considered satisfactory.  
Risk Assessment 
Treated wastewater is discharged to the engineered wetlands for additional 
treatment and eventually to the river. Both water bodies contains ecosystem that will be 
exposed to the neonicotinoids present in discharged wastewater. Hazard quotient (HQ) 
for WWTP and wetlands effluent was determined by taking the ratio of the detected 
concentration of the neonicotinoids in corresponding effluent and the level at which no 
adverse effects are expected. Calculated HQ is a worst-case scenario that does not 
consider in-stream dilution factor.  
Results and Discussion 
Analytical Method Performance 
The LC-MS/MS method targeted seven analytes simultaneously by monitoring 
two ion transitions each, as shown in Figure F-2. To ensure the quality and validity of 
results, each analytical batch of samples contained corresponding method blank, field 
blank, and sample duplicates. In blank samples, no false positives results were obtained 
for any of the samples analyzed. Average relative percent difference (RPD) between 
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samples and in their duplicates was 22 ± 20% for detected analytes in wastewater 
samples.  
Fate of Neonicotinoids Across Wastewater Treatment Process 
Daily loading was observed to be consistent for imidacloprid and acetamiprid 
(Figure F-3), whereas that of clothianidin (Figure F-4) showed large variations over the 
5-day sampling period. Three out of six targeted neonicotinoids - thiacloprid, 
thiamethoxam and dinotefuran, were either absent from daily WWTP process stream 
samples or present at levels below their respective method detection limits. 
Fate of Imidacloprid Across the WWTP 
Average daily concentrations of imidacloprid in plant influent varied little (54.7 ± 
9.3 ng/L) during the 5-day period of sampling as shown in Figure F-3. Primary 
clarification diverted 1% of total plant flow away as sludge featuring a 17 times higher 
level of suspended solids relative to the primary clarifier effluent. The average 
concentration in the aqueous phase of primary sludge was 30.7 ± 3.0 ng/L and the mass 
of imidacloprid sorbed to sludge particles was below the method detection limit (1.1 
µg/kg dry weight). Considering the low log octanol-water partition coefficient (KOW) 
value of imidacloprid of <1, absence of imidacloprid in sludge particulates was expected 
53. Primary effluent featured 58.4 ± 12.4 ng/L of imidacloprid, a value that was similar to 
raw influent, signaling persistence of the compound during primary treatment.   
Secondary treatment consisted of an activated sludge unit operation relying on 
microbial degradation. However, imidacloprid concentration in secondary effluent was 
48.6 ± 7.8 ng/L. Paired t-test was performed and with p=0.13 and confidence interval 
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(CI) of 95%, it concluded that difference between influent and secondary effluent was not 
statistically significant. Analysis of waste activated sludge showed imidacloprid 
concentrations of 22.3 ± 2.5 ng/L in the aqueous phase, with levels on the solid 
(particulate) fraction registering below the detection limit; these findings mimicked those 
obtained for primary sludge. 
The here examined facility uses a chlorine dosage of 2.5 mg/L to meet microbial 
removal criteria. Although chlorine has the potential to oxidize organic compounds, no 
change in imidacloprid concentration (48.6 ± 8.4 ng/L) was observed, indicating 
resistance to oxidation under the conditions studied. The detected daily influent and 
effluent concentrations of imidacloprid were statistically indistinguishable (p=0.13; 
CI=95%), implying a lack of removal by conventional sewage treatment. Primary and 
waste activated sludges were combined in the plant and subjected to anaerobic digestion 
at 350C for 21 days followed by dewatering. Similar to primary and activated sludges, 
neonicotinoid concentrations in treated sludge were below the limit of detection.  
Fate of Acetamiprid Across the WWTP 
During the sampling period, average concentrations of acetamiprid detected in 
plant influent and primary clarifier effluent were 3.7 ± 0.8 ng/L and 3.4 ± 0.6 ng/L, 
respectively, thereby implying a lack of removal during primary treatment (Figure F-3). 
In primary sludge, the concentration of acetamiprid in the aqueous phase was 1.0 ± 0.6 
ng/L and in particulates <0.7 µg/kg, suggesting no apparent partitioning into sludge 
particulates. In the secondary treatment effluent, acetamiprid concentration was 1.8 ± 0.4 
ng/L (half of the influent), confirming microbial and chemical degradation of acetamiprid 
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in the aeration basin, with the formation of acetamiprid-N-desmethyl (1.3 ± 0.3 ng/L). 
Prior studies had also shown that acetamiprid undergo relatively fast dissipation in 
neutral environments, with an aqueous dissipation half-life of 4.7 days. Concentrations 
and distribution of acetamiprid in waste activated sludge mimicked results obtained for 
primary sludge. Similar to imidacloprid, minimal change in acetamiprid and acetamiprid-
N-desmethyl concentrations were observed after disinfection, indicating a lack of 
chemical oxidation by chlorine. Concentrations of acetamiprid and acetamiprid-N-
desmethyl in treated wastewater were 1.7 ± 0.5 ng/L and 1.3 ± 0.4 ng/L, respectively, 
whereas dewatered sludge yielded no detections  (<0.7 µg/kg).  
 
Figure F-3. Daily average concentrations of imidacloprid, acetamiprid (dotted lines), and 
acetamiprid-N-desmethyl (solid lines) in various wastewater treatment streams. 
Fate of Clothianidin Across the WWTP 
Clothianidin loading during the sampling period was inconsistent, with daily 
influent concentrations varying between <0.9 – 666.4 ng/L (80% detection frequency) 
and averaging 149.7 ± 273.1 ng/L.  Detected concentrations of clothianidin in primary, 
secondary, and disinfection effluent were 163.8 ± 195.9, 131.3 ± 170.8, 116.7 ± 144.9 
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ng/L, respectively (Figure F-4). Though aqueous phase of primary and waste activated 
sludge featured 115.3 ± 190.9, 47.6 ± 84.8 ng/L, respectively, concentrations of 
clothianidin sorbed to particulates and dewatered sludge were below MDL (<1.4 µg/kg). 
Inconsistency in loading made impossible a determination of the fate of clothianidin; 
however, considering similar average concentrations in treatment streams over the 
sampling period as well as the lack of partitioning into sludge, results obtained imply a 
notable persistence of the compound during conventional wastewater treatment.  
 
Figure F-4. Detected concentrations of clothianidin in treatment streams during the 5-day 
sampling period. (inf, influent; 1’ eff, primary effluent; 2’ eff, secondary effluent; DI’ eff, 
disinfection effluent.) 
Fate of Neonicotinoids Across Wetland Treatment.  
At the study plant treated effluent prior to surface water discharge underwent 
polishing in an engineered wetland located immediately downstream that showed a 
hydraulic retention time (HRT) of 4.7 days.  Whereas neonicotinoids in the wetland may 
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experience photodegradation, chemical transformation, biological degradation, 
accumulation in sediments, leaching into groundwater, and bioaccumulation, no 
significant transformation was detected for imidacloprid, acetamiprid, and acetamiprid-
N-desmethyl. Imidacloprid concentrations entering and leaving the wetlands were 54.4 ± 
3.4 ng/L and 49.9 ± 14.6 ng/L, respectively. Similarly, acetamiprid (2.0 ± 0.0 ng/L to 2.3 
± 0.2 ng/L) and acetamiprid-N-desmethyl (1.7 ± 0.1 ng/L to 2.0 ± 0.5 ng/L) 
concentrations were unaffected by wetland treatment. Strong variations in the daily 
loading of clothianidin did not allow a determination of its fate during wetland treatment. 
Toxicity of Discharged Effluent 
The constructed wetland located downstream of the WWTP received treated 
effluent only with no opportunity for dilution. Moreover, as the studied WWTP is located 
in the southern part of the United States, discharged effluent goes undiluted after wetland 
treatment for several months of the year. Hazard quotient (HQ) values for neonicotinoids 
contained in WWTP and wetland effluent were calculated for sensitive aquatic 
invertebrates to assess the potential of adverse effects. A recent review suggested that any 
long-term neonicotinoid concentrations in water exceeding 35 ng/L or short-term peak 
exposures exceeding 200 ng/L can negatively affect sensitive aquatic invertebrate 
populations 55. These values were derived from a sensitivity distribution analysis of 214 
toxicity tests of 48 species 55. We considered 35 ng/L as the benchmark for the HQ 
calculations of all detected neonicotinoids. For imidacloprid, HQ values for secondary 
effluent during the sampling campaign averaged 1.4 ± 0.1, with a value of greater unity 
suggesting a statistical probability of harm occurring to sensitive receptor organisms. The 
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HQ values for all three neonicotinoids combined averaged 4.8 ± 4.5 (range 1.5 – 12.3) 
over the 5-day period. These HQ values indicate that a dilution of discharged effluent by 
a factor of 2 to 6 will be required to protect biota downstream. Pre-existing neonicotinoid 
levels in surface water from agricultural runoff and other WWTP discharges upstream 
would further increase these calculated minimum dilution factors in order to protect 
freshwater biota.  
Conclusion 
This study adds to prior work on the detection of imidacloprid, thiamethoxam, 
clothianidin and acetamiprid in global surface waters and treatment flows.55 Results 
showed that neonicotinoids are not partitioning into the sewage sludge particulates, lack 
biological degradation during activated sludge treatment, and resist chlorine oxidation 
during disinfection as well as various potential removal processes known to occur in 
wetlands. While being limited to a single plant in an arid United States location, results 
further indicate that neonicotinoids may pose quantifiable harm to surface waters 
receiving or dominated by treated wastewater, even after sequential wastewater and 
wetland treatment.  
 
 
  
195 
APPENDIX G 
MASS BALANCE OF FIPRONIL AND TOTAL TOXICITY OF FIPRONIL RELATED 
COMPOUNDS IN PROCESS STREAMS DURING CONVENTIONAL 
WASTEWATER AND WETLAND TREATMENT 
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ABSTRACT  
Attenuation of the pesticide fipronil and its major degradates was determined 
during conventional wastewater treatment and wetland treatment. Analysis of flow-
weighted composite samples by liquid and gas chromatography/tandem mass 
spectrometry showed fipronil occurrence at 12–31 ng/L in raw sewage, primary effluent, 
secondary effluent, chlorinated effluent, and wetland effluent. Mean daily loads of total 
fipronil related compounds in raw sewage and in plant effluent after chlorination were 
statistically indistinguishable (p = 0.29; n = 10). Whereas fipronil itself was partially 
removed (25 ± 3%; p = 0.00025; n = 10), the associated loss in toxicity was balanced by 
the formation of toxic fipronil degradates, showing conventional treatment to be unfit for 
reducing overall toxicity. In contrast to these findings at the municipal wastewater 
treatment, both parental fipronil and the sum of fipronil related compounds were removed 
in the wetland with efficiencies of 44 ± 4% and 47 ± 13%, respectively. Total fipronil in 
plant effluent (28 ± 6 ng/L as fipronil) were within an order of magnitude of half-
maximal effective concentrations (EC50) of non-target invertebrates. This is the first 
systematic assessment of the fate of fipronil and its major degradates during full-scale 
conventional wastewater and constructed wetland treatment. 
Introduction 
Fipronil is a phenylpyrazole insecticide used in a variety of pest control products, 
including seed coatings, roach and ant bait, flea and tick topical treatments, and various 
termiticide formulations. Incomplete transformation of fipronil is known to yield several 
degradation products of similar or higher toxicity.167 Fipronil is known to undergo biotic 
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oxidation to yield fipronil sulfone and reduction to form fipronil sulfide; these are 
generally the two most common environmental fipronil degradates. Two minor 
environmental transformation products are fipronil amide formed during hydrolysis, and 
fipronil-desulfinyl produced during photolysis.167 Fipronil application to rice paddies has 
been directly implicated in the sharp decline in crawfish populations in southern 
Louisiana.168, 169 Fipronil and its degradates also are toxic to non-target vertebrates, 
including fish and gallinaceous birds.170 Fipronil has been implicated as a potential 
contributor to colony collapse disorder of honeybee populations.171-173 With lethal 
dosages (LD50) of 4-13 ng/bee,174-176 fipronil is extremely toxic to honeybees, which play 
a critical ecosystem function, and also provide an added economic value to the United 
States crop industry estimated at $5-14 billion per year.177 Due in part to its likely role in 
pollinator poisoning and its effects on aquatic wildlife, China placed heavy restrictions on 
use of fipronil starting in 2009,178 and the European Union followed suit in 2013.179 
As a result of its widespread use, fipronil has been detected in urban waterways, 
and in rural rivers.180, 181 In a survey of urban waters in Orange County, California, 
fipronil and fipronil sulfone exceeded aquatic toxicity benchmarks in over 70% of 
samples (n = 94).181 In another study of fipronil contamination in the Mermentau and 
Calcasieu River Basins in the United States, fipronil, fipronil sulfide, and fipronil sulfone 
were detected in 78.0, 90.0, and 81.7% of surveyed samples, respectively.169 These 
compounds were also shown to have accumulated in sediments in the same area (100% 
detection frequency).169 Fipronil, like other neurotoxic insecticides (e.g., the 
neonicotinoid compound imidacloprid), has been linked to wildlife population declines, 
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with a notable impact on biological diversity.182 Numerous studies have investigated 
fipronil impacts on copepods,183 fish,184 gallinaceous birds,170 and reptiles.185 Among the 
suspected sources of fipronil contamination are agricultural runoff,186 urban runoff,187 and 
treated wastewater.188-190 
Mass spectrometry and mass balance assessments are valuable tools for studying 
the fate of recalcitrant anthropogenic pollutants, including pesticides, herbicides and 
biocides of agricultural and domestic uses.46, 188, 191-193 Prior to the present work, only a 
single study employed a mass balance approach to investigate the fate of fipronil during 
wastewater treatment, reporting a removal efficiency of 18 ± 22%; the large margin of 
error prevented any firm conclusions as to whether fipronil was removed at all, and major 
transformation products were not monitored in this prior work.188 It is interesting to note 
that partial or complete loss of fipronil during wastewater treatment does not necessarily 
imply a reduction of the total toxicity of the sum of fipronil related compounds, since 
transformation of the parental pesticide may give rise to equally or even more potent 
toxic degradates. 
The primary objective of this study was therefore to assess the fate of parental 
fipronil and its major degradates (i.e., fipronil sulfide, fipronil sulfone, fipronil amide, 
and fipronil-desulfinyl) in a large wastewater treatment plant (WWTP) by performing 
mass balances for various conventional treatment unit operations and for a constructed 
wetland located immediately downstream.  
Materials and Methods 
Solvents and Standards.  
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Analytical grade solvents (water, acetonitrile) were obtained from Thermo Fisher 
Scientific (Waltham, MA USA) and EMD Millipore (Billerica, MA USA). Neat 
analytical standards of fipronil and fipronil-desulfinyl were purchased from Sigma 
Aldrich (St. Louis, MO), while neat standards of fipronil sulfide, sulfone, and amide were 
produced by Bayer and BASF (Ludwigshafen, Germany). Isotopically labeled fipronil 
(13C215N2-fipronil) was purchased from Toronto Research Chemicals, Incorporated 
(Toronto, Ontario Canada).  
Sampling Campaign.  
The wastewater treatment plant located in the southwestern U.S. is comprised of 
several individual conventional treatment trains operated in parallel. We systematically 
assessed the fipronil compound reduction capability of one representative treatment train, 
as well as the entire treatment plant and a constructed wetland located downstream. 
Automatic samplers were deployed at the following locations along the treatment train to 
capture: primary influent, primary effluent, secondary effluent, return activated sludge, 
disinfection basin effluent, wetland influent, and wetland effluent. Primary sludge was 
obtained by grab sampling. Sampling was carried out in mid December over five 
consecutive days, from 12 PM on Thursday through 12 PM the following Tuesday. The 
ISCO 6700 and 6712 samplers (Teledyne Technologies, Thousand Oaks, CA USA) were 
programmed for flow-weighted composite sampling. In order to obtain flow-weighted 
composites, the samplers were programmed to sample multiples of 20 mL every hour. 
The fraction of the total composite volume sampled any given hour was proportionate to 
the deviation from daily average flow into the plant (as determined by hourly flow data 
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over a period of 21 days). More details on sampler programming can be found in the 
Appendix H in Figure H-1. At 12 PM each day, the composite from the prior day was 
replaced with an empty 2.5-L amber bottle. Primary sludge was sampled once per day at 
9 AM, using a 1-L bottle. Biosolids were taken as grab samples in 40-mL glass vials, 
starting 21 days after the first day of the water sampling campaign, in order to account for 
the solids retention time in the anaerobic digesters.  
Solids Collection and Analysis.  
Solid samples were extracted using a modified version of EPA method 1699. Ten 
milliliter aliquots of refrigerated, homogenized water samples were transferred to 15-mL 
centrifuge tubes, and were subsequently centrifuged at 3500 X g. The supernatants were 
then decanted and discarded. The remaining solids were dried, weighed, spiked with 20 
ng labeled fipronil, extracted with 10 mL of acetone at room temperature via placement 
on a rotary shaker operated at 60 rpm for 24 hours. The extraction mixture was 
centrifuged again, and the solvent was collected in a glass vial. After a second extraction 
with 10 mL of acetone, the serial extracts were combined, evaporated under nitrogen to 
near dryness, and reconstituted with 6 mL of hexane. Sample cleanup was done using 
1g/6 mL Sep-Pak® (Waters Corporation, Milford, MA) cartridges containing Florisil. 
The cartridges were conditioned with 6 mL dichloromethane, 6 mL acetone, and 6 mL of 
hexane before the samples were loaded. Once loaded, the cartridges were dried under 
vacuum and exhaustively eluted with dichloromethane and acetone (1:1 v/v). The solvent 
mixture was switched to either 50% acetonitrile in water for LC-MS/MS analysis, or 
100% hexane for GC-MS/MS analysis. Total suspended solids (TSS) for each stream was 
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determined by dividing the solids mass of the samples described above by the 10 mL wet 
volume.   
Water Extraction and Analysis.  
Fipronil compounds were extracted from 500 mL aliquots of wastewater and 
wetland water (in duplicate for all streams except primary sludge) using automated, high-
volume solid phase extraction. Extraction was carried out using cartridges containing 
polystyrene divinylbenzene resin modified with pyrrolidone (500 mg/3mL Strata X and 
Strata XL, Phenomenex, Torrance, CA USA) installed on an Autotrace 280 (Thermo 
Scientific Dionex, Sunnydale, CA USA). Water samples were spiked with 20 ng 
13C215N2-fipronil prior to extraction via SPE. The resin was eluted with 5% formic acid in 
methanol, and then aliquots of these extracts were reconstituted to either 50% methanol 
in water (for LC analysis) or 100% hexane (for GC analysis). Water samples with high 
TSS like waste activated sludge (WAS) and primary sludge (PS) were centrifuged at 
7500 x g, and 500 mL of the supernatants was decanted and extracted as described. 
Analyte mass on the solid fraction of those streams was determined as described in the 
previous section, and the weighted mass contribution of the solids was added to that of 
the water to determine the total mass of fipronil compounds in WAS and PS. 
Instruments and Analysis.  
All analytes except fipronil-desulfinyl were separated by liquid chromatography, 
and detected and quantified by negative electrospray ionization-tandem mass 
spectrometry (LC-ESI-MS/MS). Fipronil-desulfinyl displayed a significantly lower 
detection limit by gas chromatography electron impact tandem mass spectrometry (GC-
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EI-MS/MS), and was therefore analyzed using a GC-MS/MS instead. Liquid 
chromatography mass spectrometric analyses were done using a Shimadzu Prominence 
HPLC (Shimadzu Scientific, Kyoto, Japan) controlled by Analyst 1.5 software (Applied 
Biosystems, Framingham, MA) coupled to an ABSciex API-4000 MS/MS (Applied 
Biosystems, Framingham, MA). Liquid chromatographic separation was achieved by an 
XBridge C8-column (3.5 µm particle size, 4.6 × 150 mm; Waters Corporation, Milford, 
MA). The mobile phase consisted of 50% acetonitrile (ACN) and 50% water flowing at a 
rate of 1 mL/min with a total runtime of 10 min, and a gradient profile of 10% ACN/min 
to 95%. Analytes were introduced into the mass spectrometer using an electrospray 
ionization probe operating in negative mode, and multiple reaction monitoring (MRM) 
was used for qualitative analysis. Quantitation of fipronil was done using isotope dilution 
and an 8-point calibration curve, with matrix spikes using 13C215N2-fipronil. Quantitation 
of other analytes was done using the standard addition method with four analysis sample 
spike levels. Gas chromatographic mass spectrometric analyses were performed on an 
Agilent 7890 GC coupled to an Agilent 7000 triple quad MS (Agilent Technologies, 
Santa Clara, CA) operating in positive mode, and MRM was used for qualitative analysis. 
Analytical Quality Control.  
Method detection limits were determined by analyzing seven spiked surrogate 
matrix replicates and employing the U.S.EPA’s recommended analysis for determination 
of limits of detection. Solid and water aliquots were spiked with authentic standards for 
fipronil and its major degradates prior to extraction. Spiking levels for each analyte were 
chosen within a ratio of 3:1 and 10:1 relative to background levels, and the detected 
  
203 
concentrations were estimated using a 6-point calibration curve. The standard deviation 
using 6 degrees of freedom was multiplied by the appropriate student’s t99 value, 
providing an estimate of the lowest concentration detectable and identifiable with 99% 
confidence. Since all samples of wastewater and archived sludge exhibited peaks 
reflective of the presence of fipronil, surrogate matrices void of fipronil compounds were 
obtained in the form of peat moss and peat moss slurry. This selection was made in 
accordance with U.S.EPA method 1694, which recommends use of this surrogate matrix 
as a proxy for biosolids for quality assurance in the absence of an analyte-free  reference 
matrix. 
Calculations.  
Automatic samplers were programmed to take a number of 20 mL incremental 
samples within the first few minutes of a given hour. The total desired composite sample 
volume for one day was 2500 mL. The number of 20 mL increment samples taken in a 
given hour was calculated using equation 1.  
𝑁Mb	c(𝑡) = Mabb	cMb	c×Me × \()\     (1) 
Where N20 mL (t) is the number of 20 mL increments in the first few minutes of a given 
hour t, Q(t) is the measured flow rate at hour t, and 𝑄 is the average daily flow rate over 
the course of 21 days.  
Mass loads for fipronil compounds in process streams were determined by 
multiplying determined concentrations with the flow rates for corresponding days. A 
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combination of daily average flows (12 AM to 12 AM) and monitored hourly flows is 
reported (see Appendix G).  
Applying a steady state assumption (accumulation = 0), the mass balance over the 
treatment train was calculated as shown in equation 2. 
 (2) 
The bracketed terms (primary influent, etc.) represent the total mass load through 
each respective stream over a five day period, where Q is flow rate (L/d), C is 
concentration (ng/L), t is time (d), f is the mass fraction of solids in a stream 
(gsolid/gwastewater), and mconverted is the mass not accounted for in all influent and effluent 
streams, assumed to be transformed (ng). The notations 1’inf, DIeff, PS, and WAS 
respectively refer to primary influent, disinfection basin effluent, primary sludge, and 
waste activated sludge. Subscripts s and w refer to solid and water, respectively. 
Individual analyte masses were first converted to mmol before being added together to 
compute a total concentration expressed in fipronil equivalents. The flow rate of WAS 
was not directly measured, but was instead obtained by subtracting the return activated 
sludge (RAS) flow rate from the secondary effluent flow rate.  
Equation 3 illustrates the method for performing a mass balance over the 
wastewater treatment plant, accounting for total influent and effluent streams, and 
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biosolids. The total plant influent mass was estimated using the product of the treatment 
train primary influent concentration (C1’inf) and total plant influent flow rate (Qtot). The 
effluent streams from the plant were directed to the downstream wetland (WL) and a 
power plant (PP). The biosolids, or dewatered sludge (DWS), concentrations were given 
in units of µg/g, and DWS production rates were expressed in units of mass per day (g/d). 
The total mass of fipronil compounds converted (mtotal_converted) represents the mass of 
fipronil compounds that presumably reacted or degraded during treatment through the 
entire plant.  𝑄 𝑡 𝐶mOPQ 𝑡 ∆𝑡papm − 𝑄W_OPQ 𝑡 𝐶W_OPQ 𝑡 ∆𝑡papm − 𝑄 𝑡 𝐶 𝑡 ∆𝑡papm −𝑄VWX 𝑡 𝐶VWX 𝑡 ∆𝑡papm = 	𝑚d_¤P¥TT¦     (3) 
Equation 4 was used to calculate the conversion of fipronil compounds in the 
wetland.  𝑄W_OPQ 𝑡 𝐶W_OPQ 𝑡 ∆𝑡papm − 𝑄W_TQQ 𝑡 𝐶W_TQQ 𝑡 ∆𝑡papm = 	𝑚W_¤P¥TT¦ (4) 
Equation 5 shows the calculation for obtaining nationwide estimates of fipronil 
compound emissions from wastewater effluents or biosolids (mUSA) The average daily 
fipronil compound emissions in wastewater effluent or biosolids over five days (𝑀) in 
kmol/d was divided by the total flow into the plant over 5 days (𝑄) in liters, then 
multiplied by the average number of liters of wastewater per capita as determined by 
Mayer et al (292 L/d/person)194, the total population of the United States (318.9 million 
persons), 365 d/yr, and the molar mass of fipronil in tonnes/kmol.   
 𝑚X = 	§\ ×292 u~v|•×318.9	×10¯	𝑝𝑒𝑟𝑠×365	 ¦´ ×0.43715	 PPT·cd    (5) 
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It should be noted that an effluent stream feeding a nearby power plant was not 
directly sampled, but since it was split off from the plant effluent, the concentration in 
that stream was assumed to be the same as the concentration in the plant effluent. Total 
analyte masses and concentrations were converted to fipronil equivalents by multiplying 
them by the relative molar mass of fipronil.  
Equation 6 was used to calculate the species-specific hazard quotient (HQx) of the 
influent and effluent wastewater streams, using methods established in literature. (Stark 
& Banks)  There are three fipronil degradates (fipronil, fipronil sulfone, and fipronil 
sulfide) accounted for in the calculation, indicated in the equation by i. Influent or 
effluent stream concentrations are indicated by Cstream. The HQs of the influent and 
effluent streams were then compared to determine whether treatment affects the toxicity 
of wastewater. 
    𝐻𝑄 = 	 Y|]v~^¹tYº»t zOpm     (6) 
Toxicity indices were calculated for two arthropod species, Hyalella azteca and 
Chironomus dilutus, using the half-maximal effective concentrations (EC50) for the 
various analytes. These species were chosen due to their relative sensitivities to fipronil; 
H. azteca is moderately sensitive, while C. dilutus is highly sensitive. The C. dilutus EC50 
values used in this calculation were 32.5 and 10, and ng/L for fipronil and its 
degradates,m, respectively.189 The H. azteca  EC50 values used in this calculation were 
0740, 161, and 0.5 ng/L for fipronil, fipronil sulfone, and fipronil sulfide, respectively.189 
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Results and Discussion 
Method Performance.  
Detection limits in surrogate wastewater ranged from 0.05 to 0.77 ng/L, while for 
surrogate biosolids, they ranged from 0.02 to 0.24 ng/g (dry weight). Relative recovery of 
fipronil was 116 ± 14% in water, and 120 ± 13% in solids. Absolute recoveries of 
individual analytes (prior to normalization with the respective isotope-labeled surrogate 
standards) from water samples ranged from 60 ± 14% to 101 ± 195% (overall average 
recoveries for all analytes was 78 ± 20%), while absolute recoveries of individual 
analytes from solid samples ranged from 48 ± 18% to 90 ± 21% (overall average 
recoveries for all analytes was 73 ± 28%).  
All water and solids samples were spiked with 20 ng of labeled fipronil prior to 
extraction, and final fipronil concentrations were quantified using the isotope dilution 
method. Other analyte concentrations were assessed using standard addition with either 
three or four calibration points generated from sample extracts spiked just prior to 
instrument analysis. Method development indicated that nearly all losses were due to 
matrix effects, and standard addition and isotope dilution proved to mitigate the 
quantitative effects of these losses. All samples were quantified by background 
subtraction of method blank controls. 
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Figure G-1. Flow diagram of the wastewater treatment train. Labeled streams i, ii, iii, iv, 
v, and vi indicate primary influent, primary effluent, primary sludge, waste activated 
sludge, secondary effluent, and disinfection basin effluent, respectively. Total fipronil 
related compound mass loads (in mmol/5 days) for the sampled streams are given. (n = 2 
experimental replicates per composite) *Primary sludge (stream iii) was taken as a 1-L 
grab sample each day during the five day sampling period, which yielded only one 
experimental replicate, and only one five-day sum, so no error is given. Biosolids were 
sampled 21 days after the water sampling campaign began, in order to account for the 
solids retention time in the anaerobic digesters. Combined flow from other treatment 
trains is indicated by Qx. HW, headworks; GC, grit chamber; PC, primary clarifiers; AB, 
aeration basins; SC, secondary clarifiers; DI, disinfection basin; AD, anaerobic 
digesters/centrifuges/dewatering systems.  The dotted box indicates the control volume 
around the treatment train. 
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Fipronil and Degradate Fate and Mass Balances Across One Representative 
Conventional Treatment Train.  
In the wastewater treatment train selected for extensive monitoring, fipronil was 
present in raw sewage at an average daily concentration of 17 to 31 ng/L and exited in 
disinfected treated effluent at levels of 13 to 21 ng/L. Fipronil sulfone was detected in all 
process streams at concentrations ranging from 0.5 to 40 ng/L. The sulfide, amide, and 
desulfinyl degradates were detected in most WWTP process streams at low levels: 0.1–
3.8 ng/L. 
A mass balance of total fipronil through the treatment train indicated that as a 
group, fipronil and its immediate degradates were conserved throughout. A five-day mass 
load of total fipronil entering and exiting the treatment train yielded 77 ± 11 and 69 ± 6 
mmol, respectively; mass loads in primary and secondary effluent were similar to those in 
the primary influent stream, suggesting conveyance of the contaminants through the 
treatment train (Figure G-1). Overlapping error bars and a two-tailed t-test (95% 
confidence level) revealed that the mean daily influent and effluent masses of total 
fipronil compounds were statistically indistinguishable (p = 0.29, n = 10), implying that 
conventional wastewater treatment is ineffective at converting fipronil beyond the four 
immediate degradates studied herein (sulfone, sulfide, amide, desulfinyl). Limited 
settling of fipronil compounds occurred in the primary and secondary clarifiers, despite 
their considerably high logarithmic n-octanol-water partitioning coefficients (log KOW ≈ 
4.0-5.4)195, 196. While total fipronil compounds experienced no appreciable mass loss 
during passage through the treatment train, the parent compound fipronil was transformed 
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at a rate of approximately 25% (p = 0.00025, n = 10), with about 1% being removed from 
water by the solids in waste activated and primary sludge. The decreased fipronil mass in 
the treatment train was accounted for in the total mass of the degradates, primarily 
fipronil sulfone (Figure G-2). This result is in agreement with and refines prior estimates 
from a 2009 study, in which fipronil was found to be removed from a similar U.S. 
conventional wastewater treatment plant at a rate of 18 ± 22%; the considerable 
analytical error in that study did not allow the unambiguous identification of differences 
between influent and effluent concentrations, and unlike in the current study, neither a 
detailed analyses of fipronil’s degradation products, nor the effectiveness of individual 
unit operations was undertaken.188   
Mass Balance Across All Parallel Treatment Trains Extant at the WWTP.  
Approximately 58% of the flow and 48% of the total fipronil mass discharged by 
the wastewater facility was directed to an engineered wetland located immediately 
downstream, whereas 43% of total fipronil mass was distributed to a power plant, and 9% 
was sequestered in biosolids. Average daily mass loads of total fipronil in the WWTP 
inputs and outputs were 33.2 ± 5.6 mmol/day and 37.6 ± 7.3 mmol/day, respectively (see 
Figure G-3, panel A). Similar to the individual treatment train, the daily mean input and 
output masses of the entire WWTP were not significantly different (n = 10, p = 0.14), 
indicating complete lack of, or only insignificant removal of total fipronil. The computed 
error in reported masses is cumulative, accounting for variability of calibration in flow 
meters used to measure flow rates, of recovery rates during extraction, of estimated solids 
retention time of anaerobic digesters, and of instrument response.  
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Figure G-2. (A) Mass loads (in mmol) in wastewater streams over the course of five 
days. Direction of water flow is from left to right, (primary influent to disinfection basin 
effluent). Whiskers represent high and low values from two experimental replicates. (B) 
Enlarged portions of the histogram in panel A to make visisble the masses of fipronil-
desulfinyl. Fipronil-desulfinyl concentrations are estimated, near the detection limit. 
Sludge streams (n = 2) are omitted, as their mass contributions are negligible.  
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Relative abundance of fipronil related compounds in input and output streams 
underwent little change. The input stream composition was approximately 75% fipronil, 
1% fipronil sulfide, 21-22% fipronil sulfone, 0-4% fipronil amide, and 1-2% fipronil-
desulfinyl. However, the mass ratio of sulfone degradate to parental fipronil in waste 
activated sludge was about 0.74, whereas in primary influent, the same ratio was much 
lower at about 0.3; this implies that fipronil sulfone was formed in either the aeration 
basins or in the secondary clarifiers. If the solids retention time in the clarifiers enabled 
the conversion of fipronil to fipronil sulfone, then this pattern should also be seen in the 
primary sludge, but it is not (sulfone/parent ratio = 0.14). Considering that fipronil 
sulfone is an oxidative byproduct of fipronil, the evidence suggests that the sulfone 
degradate was formed during aerobic digestion. Aerobic transformation is the most likely 
mechanism for sulfone formation, since the only unit operations in secondary treatment 
are aerobic digestors and secondary clarifers; however, anaerobic microenvironments 
also may exist within this treatment unit. The primary sedimentation step did not appear 
to contribute to the formation of fipronil sulfone, and aerobic basins are more prone to 
facilitate enzymatic oxidation.  
Fipronil sulfone did not appear to form at appreciable levels during chlorination, a 
result running counter to findings from a prior study examining the chemical oxidative 
removal of fipronil in water treatment plants (using permanganate, chlorine, etc.); the 
latter study identified fipronil sulfone as the predominant byproduct of fipronil 
transformation by chlorine.197 However, the chlorination basin in the wastewater 
treatment train examined here had a contact time of less than a minute, with a dose of 2.5 
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mg/L, and a residual concentration of about 1 mg/L. Secondary-treated wastewater has a 
high chlorine demand, so it is not surprising that fipronil is not easily oxidized. In 
biosolids, the proportions of the individual anaytes were roughly as follows: 15% 
fipronil, 65% fipronil sulfide, 9% fipronil sulfone, 1% fipronil amide, and 9% fipronil-
desulfinyl. The dominant species in biosolids was the sulfide degradate, a result that is 
consistent with a study examining the degradation of fipronil in anaerobic sediment 
porewater.198  
In all water streams, the primary photodegradate fipronil-desulfinyl accounted for 
less than 3% of the total fipronil compound mass. In the wetland, fipronil-desulfinyl 
accounts for less than 5% of the fipronil compound mass loss. This might seem 
surprising, since fipronil has been shown to readily photodegrade, but USGS surface 
water screenings confirm that fipronil-desulfinyl is considerably less abundant in 
environmental waters than the parent, the sulfone, or the sulfide transformation 
products.34  
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Figure G-3. (A) Average daily mass loads over five days, where error bars represent 
standard deviations (n = 10). (B) Daily mass loads of wetland (WL) influent and effluent 
streams on days 1 and 5, respectively, where error bars represent max/min values (n = 2); 
the average hydraulic retention time of the wetland was 4.7 days. The right-hand y-axis is 
expressed as grams of fipronil per day.  
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Wetland Mass Balance.  
The wetland downstream of the WWTP had a hydraulic retention time (HRT) of 
about 4.7 days, so the mass load into the wetland on the first day of sampling should 
correspond with the mass load out of the wetland 4 to 5 days later. A mass balance on the 
wetland (Figure G-3, panel B) using the first day’s influent mass load and the fifth day’s 
effluent mass load indicates that fipronil was reduced at a rate of 44 ± 4% and total 
fipronil was attenuated in the wetland at a rate of 47 ± 13%. Over the five-day period, the 
average effluent concentrations of total fipronil were about 24% lower than the influent 
concentrations (n = 10, p = 2•10-5). The discrepancy between mass and concentration 
changes can be accounted for by evapotranspiration (the effluent flow rate is about 87% 
of the influent flow rate) and daily mass load deviations over the five-day period not 
captured by the mass balance (the wetland mass balance only uses the first and fifth day 
mass loads to account for the wetland’s hydraulic retention time, while the average 
concentration over five days accounts for all five days of sampling, wherein 
concentration fluctuations occurred).  
Total fipronil compound levels detected in the wetland ranged from 61 – 41 ng/L. 
These concentrations are much lower than concentrations detected in California urban 
waterways, where median total fipronil concentrations ranged from 204 – 440 ng/L and 
90th percentile concentrations ranged from 340 – 1170 ng/L.187 Data sets from the United 
States Geological Survey in several states indicate that concentrations of fipronil related 
compounds in urban and agricultural runoff are generally similar and typically less than 
200 ng/L.199 In Louisiana rice field runoff, combined fipronil concentrations have been 
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reported as high as 5290 ng/L. Losses of 24-44% of total fipronil mass during passage of 
water through the wetland suggests that further attenuation may take place in the effluent 
receiving stream; however, a deeper water column and higher turbidity may hinder the 
effectiveness of some loss mechanisms such as photolysis.  
Relative Toxicity.  
In order to assess whether the fipronil-related toxicity was affected by treatment, 
hazard quotients were calculated for process streams in the studied treatment train, 
including primary influent, disinfection basin effluent, wetland influent, and wetland 
effluent. For the moderately sensitivity species, H. azteca, these values were 0.072 ± 
0.014, 0.23 ± 0.14, 0.18 ± 0.07, and 0.22 ± 0.09, respectively. The mean HQ (H. azteca) 
of the primary influent stream was compared with the effluent from disinfection, the 
wetland influent, and the wetland effluent using a two-tailed t-test (n = 10) assuming 
equal variances; p-values for these analyses were 0.002, 0.0001, and 0.00006, 
respectively. For the highly sensitive organism C. dilutus, the primary influent, 
disinfection basin effluent, wetland influent, and wetland effluent HQs were 1.4 ± 0.3, 
1.3 ± 0.5, 1.3 ± 0.4, and 1.0 ± 0.3, respectively. Testing for statistical differences in the 
means of the HQs of disinfected effluent, wetland influent, and wetland effluent process 
streams relative to the primary influent stream yielded p-values of 0.8, 0.5, and 0.007, 
respectively. Thus, conventional wastewater treatment did not significantly affect the 
overall toxicity posed by fipronil related compounds to C. dilutus, but the fipronil-
associated toxicity was increased toward H. azteca due to the formation of fipronil 
sulfide, to which H. azteca is highly sensitive. Passage of water through the wetland 
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reduced the threat posed by fipronil related compounds for C. dilutus, but not for H. 
azteca. These HQ values indicate that treated and untreated wastewater streams are 
probably toxic to highly sensitive organisms, and potentially toxic to moderately sensitive 
organisms. 
Study Implications and Future Research Needs.  
The wastewater treatment plant in this study discharges an estimated 7.9 g/day of 
pheneylpyrazole pesticide mass (as fipronil) into the wetland, with 34 - 60% estimated to 
be attenuated there. To what extent fipronil and its degradates are taken up by plant and 
animal life is not well understood, and likely varies by degradat and exposed species. 
Fipronil manufacturers recommend no more than 0.050 lb (23 g) of active ingredient to 
be applied annually per acre of land for varied uses such as mole cricket control. The 
water exiting the wetland discharges an estimated total fipronil load of 5.2 g/day. 
Biosolids produced by the treatment plant contribute a total fipronil related compound 
load of 1.4 ± 0.7 g /day, mostly in the form of fipronil sulfide. Considering that the toxic 
load inherent to total fipronil compounds was left essentially unattenuated upon 
conventional wastewater treatment, the next best opportunity to control harmful 
exposures of aquatic biota and ecosystems is to limit use and loading of raw wastewater 
with the parent pesticide, fipronil. Although mechanisms of fiprole toxicity to ecosystems 
were not evaluated here, it has been demonstrated that fipronil can be taken up by 
angiosperms, transported through their xylem, and deposited on pollen and seedlings.200-
202 Bees and other pollinating insects may be exposed to fipronil upon direct application 
via treated seeds, and potentially upon application of biosolids on land used to grow 
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flowering plants. Supportive of risks stemming from direct pesticide application, one 
survey in treated sunflower fields in France showed levels of total fipronil related 
compounds in pollen as high as 8.3 ng/g.203  
 It is unclear how wastewater contributes to fipronil loads detectable in 
angiosperm pollen, body burdens of aquatic organisms, or to toxicological effects in other 
non-target organisms. Further research is needed to determine whether and to what extent 
fipronil related compounds contained in wastewater effluents can impact plants and non-
target organisms. Fipronil is among the most potent insecticides on the market, with a 
toxicity to honeybees over 6,000-times greater than that of the banned pesticide DDT 
(27,000 vs. 4.2 ng/bee).204, 205 Acute lethal doses (LD50) for numerous non-target 
invertebrates also are in the ng range per individual organism.170, 174, 183, 189, 204 Some 
studies have shown that indirect exposure to certain insecticides may have adverse effects 
on vertebrate organisms, as well. A study in Madagascar indicated that insectivorous 
lizards and birds are exposed to fipronil compounds through the food chain, due to the 
fact that their diets consisted largely of the target organism (termites), and that they 
experienced sublethal effects.206 In order to fill information gaps, it would be necessary to 
evaluate the bioaccumulative and toxic effects of fipronil at various levels of the food 
chain. In addition, the plants in environments impacted by sources containing fipronil can 
be evaluated for uptake and xylem transport by extracting and analyzing pollen and 
leaves, as described by one study in France, wherein fipronil related residues were 
detected in 13% of randomly selected pollen load samples in honeybee hives.201 
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It is currently uncertain whether the levels released into the environment via 
wastewater effluent may cause accumulation of fipronil related compounds in sediments 
and aquatic flora, and elicit acute toxic effects in foragers or benthic organisms. The 
present study showed that fipronil and its immediate transformation products are 
remarkably resilient to degradation in wastewater treatment plants, despite passage 
through multiple unit operations that potentially could facilitate their removal (e.g., 
aerobic digestion, anaerobic digestion, chemical oxidation). Considering the half-life of 
fipronil in water and sediments is typically on the order of several days (more than 200 
days in the case of the sulfone, sulfide, and desulfinyl degradates),198, 207 and considering 
the paucity of knowledge about the ecological impacts of both direct and indirect 
discharge of fipronil into the environment, a more extensive longitudinal study of the 
transport of fipronil in surface waters and their fate in sediments, combined with 
biomonitoring studies, may help to illuminate potential associations between wildlife 
population changes and the presence of fipronil in the environment.  
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APPENDIX H 
SUPPLEMENTAL MATERIAL FOR APPENDIX G 
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Sampling Campaign. 
 Since the sampling campaign ran from 12 PM to 12 PM daily, the flows from the 
two days overlapping each sampling day were averaged. For example, the first day of 
sampling was Thursday 12 pm through Friday 12 pm, and the average flow data for 
Thursday and Friday represented the average flow for those respective days from 12 am 
to 12 am. Therefore, the daily flow rates on Thursday and Friday were averaged to 
ascertain the flow rate represented by the 12 pm through 12 pm sampling period. Figure 
H-1 shows the hourly division of sample volumes, collected in 20 mL increments, to 
generate a total daily composite with a volume of 2.5 L. 
Statistical Analyses.  
In order to determine whether there was a change in wastewater stream mass 
loads from influent to effluent, the average daily mass loads in influent and effluent 
streams during the five day sampling campaign were compared using a two-tailed t-test, 
assuming equal variances. Ten data points for each stream were assessed for normal 
distribution, and the means were compared at a 95% confidence interval, using the 
Microsoft Excel 2010 Data Analysis Toolpak. 
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Figure H-1. Diurnal flow patterns obtained by 21 days of hourly flow data. Flow patterns 
were used to program automatic samplers for flow-weighted sampling; hourly increment 
volumes for a given hour are shown on the right-hand axis (hourly volumes were 
multiples of 20 mL increments). Error bars represent standard deviation (n = 21).  
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Figure H-2. Daily fiprole concentrations by stream. Error bars represent max/min 
measurements (n = 2 experimental replicates). Fipronil-desulfinyl is ommitted, due to 
low detection levels and overlap with fipronil amide. 
